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Abstract

Thermal sensation is indispensable to our lives. This sensation responds to tem-
perature change from the outside and enable us to recognize the environment and
objects. For example, when we touch the objects whose hardness is the same, the
temperature change is different depending on whether it is wood or iron. This dif-
ference allows us to determine the material of the target. In addition to audiovisual
sensation, a method of displaying tactile sensation has been proposed in VR tech-
nology. If thermal sensation can be displayed in haptic feedback devices, we can
have a more delicate experience.
There has been growing interest in technology for remotely displaying tactile sen-

sation to the skin surface in a non-contact manner in these days, but, the currently
realized modality is mainly vibrotactile. The thermal sensation display has been
mainly realized by the contact-based method, and few methods presenting heat
from a distance, especially to present the cold sensation, have been proposed.
This paper aims to realize remotely displaying a cooling sensation on the skin

surface without contacting the device with the user’s body. For that purpose, ul-
trasound beam or focused ultrasound generated by an ultrasound phased array is
used to vaporize the mist floating near the user’s skin surface locally and instantly,
and the heat of the vaporization cools the skin surface. The cooling sensation is
remotely displayed in a non-contact manner.
In the experiment, firstly, the author demonstrated displaying cooling sensation

by transporting the mist with ultrasound beam. Secondly, the focused ultrasound
was used for the experiment instead of ultrasound beam. During the experiment,
we discovered that only the part exposed to the ultrasound was cooled when a fo-
cused ultrasound was irradiated in the mist floating in midair. However, the reason
has not been known yet. Since this system seems to be sufficiently useful as a hap-
tic display, the author investigated the characteristics in detail and confirmed that
it can be used for haptic display.
The result of this study is expected to develop into a more realistic aerial tactile

display by applying virtual material feeling such as wood and metal.
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Chapter 1

Introduction

In this thesis, we propose a midair haptic display that provides a cooling sensation
using ultrasound phased arrays. The cooling sensation is included in category of
thermal sensation, and thermal sensation is included in the tactile sensation. There-
fore, this thesis belongs to the field of haptic technology. In this chapter, we first
discuss the importance of displaying cooling sensation in haptic technology. Then,
we survey some methods of thermal sensation and introduces example of applica-
tion. Finally, the goal of this thesis is summarized and the organization is described.

1.1 Background
Currently, tactile feedback is used around us like smartphones and tablets. Most of
the research has focused on a system for providing a tactile sensation in virtual re-
ality. Virtual reality (VR) refers to a technology that presents the same environment
as reality, which is different from the actual thing. VR is expected to be applied to
entertainment such as games, robot operation, and remotemedical operation. Fur-
thermore, it has expandability in various fields such as advertising, mail order, and
ICT (information and communication technology) education.
VR has a history with the development of technology. First of all, in 1990s, the

VFX series (Forte Technologies, Inc.) and Virtual Boy (Nintendo) were mentioned as
devices that present audiovisual VR. In 2000s, VR games that used large enclosures
for arcade began to appear. Then, along with the development of inertial sensors,
Oculus Rift (Oculus VR, Inc.) [1] was released in 2012, and Vive (HTC) [2] was also
released to follow. With the appearance of Playstation® VR [3] in 2016, VR devices
have become popular all over the world. In addition, HoloLens (Microsoft Corp.)
[4] was released, showing a dramatic improvement in VR contents. However, these
devices basically presented only the audiovisual sensation, and no tactile sensation
is presented. Therefore, in order to have amoredelicate VR experience, it is essential
to add the tactile sensation.
The haptic device does not have an input/output interface like a camera, a mi-
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crophone, or a speaker. A wide variety of haptic devices exist because the tactile
sensory organs are distributed throughout the body and are not uniform. In ad-
dition, the tactile sensation has much information. There is a feature that various
tactile information such as force, temperature, vibration, and contact area is input
from the skin surface. Here, when we experience the contact of virtual objects in
VR, we have an active experience. It has been shown that active tactile sensation
is required for shape perception [5], so haptic devices must basically be made for
active movement. Most of the haptic devices that have been developed so far are
wearable. This is the way that tactile feedback is displayed to the worn part of the
body.
In recent haptic device, not onlywearable devices but also technology for remotely

displaying tactile sensation to the user’s skin surface without wearing the device it-
self has been increasing. Currently, the main method uses focused ultrasound in
mid-air [6][7]. Unique application such as visual and tactile interaction with aerial
images have been proposed and proceeded by many researchers with the research
[8][9][10][11][12]. The tactile sensation of airborne ultrasound generates a localized
acoustic radiation pressure on the skin surface, thereby producing vibration and
pressure sensation. On the other hand, tactile sensation generally includes sensory
modalities such as thermal sensation and pain sensation in addition to vibration
and pressure sensation. Thus, it is expected that remotely displaying these sensa-
tion will lead to offer us a more realistic and rich haptic experience. In addition to
VR, various industrial products focusing on displaying tactile sensation have been
commercialized. However, many of these products have been developed focusing
on mechanical interactions between human bodies and objects. The development
of products that provide tactile sensations such as softness and thermal sensation
may make our lives more comfortable. In this thesis, the author focuses on the
thermal sensation.

1.2 Displaying Thermal Sensation
As for displaying thermal sensation, the interest as a target of research is increasing
[13][14]. This is basically achieved by heat convection with a wearable device such as
the Peltier element [15][16]. In addition, a method of displaying thermal sensation
has been proposed by using water as the heat medium [17][18]. It is shown that
the method can change the temperature more quickly by switching hot and cold
water with a solenoid value. Human beings are said to recognize the sense of ma-
terial by characteristics of heat convection when touching an object, as well as the
perception of temperature in the environment such as “hot”and “cold”[19]. Also, a
person may feel temperature of the air without touching the object. Using this fact,
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a method exists which displays thermal sensation by controlling the humidity of the
air [20]. The method uses the liquefaction of steam to control the humidity. It is
highly versatile since water is used as the heat medium.
Displaying thermal sensation with noncontact remote manner has advantages

that it does not interfere with the user’s body movements and the displaying area is
wide; although it is fewer compared with contact manner. However, remotely heat-
ing or cooling the user’s skin surface causes a physical difficulty. The method of
transporting heat is mainly conducted and radiated heat. For remote heating sen-
sation, a method using a laser or a halogen lamp was proposed [21]. In addition,
since it is easy to heat the user’s skin surface selectively and locally, a method using
infrared rays was proposed [22]. These methods can control the irradiation position
by using a lens or a Galvano mirror. On the other hand, a similar practical method
has not been established for a remote cooling sensation. There was no other way
to place the medium depriving heat in the cooling area where it was displayed. For
this reason, it is difficult to display cooling sensation locally and with high time res-
olution. Therefore, it remains an unsolved problem. Although there is a method of
transporting cooling air in mid-air with a fan or blower, it is difficult to display cool-
ing sensation locally. Furthermore, high spatial resolution is required. Amethod has
been proposed controlling the flow velocity of cold air generated from a vortex tube
[23]. The distance displayed in the air is relatively short, since the distance between
device and the user’s skin surface is about 5cm.

1.3 Application Example of Thesis
In this research, the purpose is to display the cooling sensation. In general, display-
ing thermal sensation together with heating sensation leads to a sense of immer-
sion in a VR environment or a remote location, an improved sense of presence, and
a highly sensitive experience. Furthermore, the technology of displaying thermal
sensation in remote control of VR and robots is mainly applied to the reproduction
of the environment and the tactile sensation of contacting objects [24].
Regarding the reproduction of the environment, experiencing the temperature of

the air in the VR environment more highly reproduces the sensation that exists at
that location. For example, reproducing the thermal sensation of the environment
is used for attractions such as theme parks. In Orbi Yokohama [25], you can experi-
ence a simulated temperature difference between−15 and 20 ∘C on your skin. At the
International Antarctic Center [26], New Zealand, there is the attraction that recre-
ate the Antarctic climate. By reproducing the temperature and inducing winds that
simulate gusts and storms, you can virtually simulate the Antarctic environment.
Also, in recent years, the technology for displaying thermal sensation by wind and
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splashes according to video contents, such as a 4D theater, is being introduced in
movie theaters and museums.
On the other hand, as for reproducing the tactile sensation of contacting object,

when a person touches an object, the temperature of skin surface changes due to
the characteristics of heat conduction [15]. By detecting the temperature change,
it is possible to determine the material and state of the target object. Therefore,
reproducing temperature change is considered to be one of the important factors
for displaying tactile sensation.
Here, in combination with the method in this research, it is possible to locally re-

produce the effect of climate on the skin surface in VR environment. In addition,
if an aerial image is combined and the thermal sensation can be displayed at the
same time as the haptic feedback, a telexistence with a tactile sensation including
the thermal sensation will be realized. Applications for 3D CAD can be expected [27].
Applications other than remote control of VR and robots include interfaces and me-
dia art.
In recent years, a method of displaying the tactile sensation of a virtual object has

been proposed by combining aerial image and a haptic display [28][29]. Then, the
method of this thesis contributes to the improvement of the performance of a haptic
display in the future. This improves the texture by reproducing a cold sensation on
the virtual object as shown in figure 1.1. For example, it is expected to be applied
to a more realistic aerial tactile display by applying virtual material feeling such as
wood and metal.

1.4 Our Approach and Goal of Thesis
We proposed a method of displaying cooling sensation by guiding cold air to an
arbitrary position on the body by generating acoustic flow driven by an ultrasound
beam (Fig. 1.2) [30]. Then we used the ultrasound phased array for controlling the
propagation direction and the position of the acoustic beam, which resulted in cold
air flow that could be steered to a desired position as a cooling spot. The ultrasound
beam can be narrowed down to a comparable size to the ultrasound wavelength,
8.5mm in the setup. The narrow beam could successfully transport a cold air mass
and generate a localized cold spot on a skin away from the device. However, since
dry ice was used as the cold-air source, preparation of the dry ice is a problem, which
limits the range of practical applications.
In this thesis, firstly, we propose a method where a mist is transported in the air

using the same device and cooled by using the heat of vaporization of water to dis-
play cooling sensation. We fabricated a prototype of the system and measured the
temperature change of the user’s palm exposed to mist. In addition, the measure-
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ment was also conducted using the cold air of dry ice, and the cooling effect was
compared. As a result, it was shown that the cooling effect was higher when the
mist was used than when the cold air of dry ice was used.

Fig. 1.1. One example of applications in this thesis.

Secondly, we developed a remote coolingmethod that converges themist floating
near the user’s skin using focused ultrasound, and then instantaneously vaporizes
mist to display a cooling sensation by the heat of vaporization. Similarly, we describe
the prototype of a system that remotely displays cooling sensation by converging
mist with focused ultrasound. We confirm that the cooling effect is more likely to
be effective when these are combined than when the focused ultrasound or mist is
only used. In order to investigate the applicable range of the proposed method, we
measure the quantitative relationship between the amount of generated mist and
the distance of displaying position. In addition, we investigated the cooling effect in
the direction of mist emission. Then, we measured the thermographic spatiotem-
poral temperature change using focused ultrasound while mist was generated. we
measured that a cooling sensationmoving in real timewas also generated when the
focused ultrasound moved on the skin surface.
Finally, we discuss the results and applications of this thesis to haptic technology.
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Fig. 1.2. Steerable ultrasound-driven cold air flow can present a cooling sensation on
an arbitrary position on the human body [30].

1.5 Organization of the Thesis
This thesis is organized as follows: In Chapter 2, we explain the perceptual char-
acteristics of thermal sensation. Next, we describe patterns of displaying thermal
sensation and explain the basic method of temperature measurement.
Chapter 3 describes themethodof controlling ultrasoundbeamand focusedultra-

sound using the ultrasound phased array. Firstly, we explain how to form acoustic
field by controlling the ultrasound phased array. Secondly, we describe the charac-
teristics of ultrasound beam in detail. Finally, we describe the method of forming
focused ultrasound.
Chapter 4 describes the characteristics of cooling method using water mist.

Firstly, application example of mist cooling is introduced. Next, we explain the
superiority of water as cooling medium. we described the generation of droplets
by the phenomenon of ultrasound atomization.
Chapter 5 describes the method of remotely displaying a cooling sensation using

ultrasound-driven cold airflow cooled by mist vaporization. A prototype of system
was created, and the temperature change in the user’s palm exposed to mist was
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measured. In addition, we measured the temperature change in the case of using
cold air of dry ice and compared the cooling effect.
In chapter 6, the prototype used in chapter 5 was improved to enhance cooling

effect. The reconstructed system can control the amount of mist generation. Then,
we measured the temperature change of the user’s palm exposed to mist.
Chapter 7 describes the method of remotely displaying a cooling sensation using

a focused ultrasound. By using a focused ultrasound, it can converge the water mist
floating near the user’s skin surface. In addition, it can instantaneously vaporizemist
to display a cooling sensation due to the heat of vaporization. A prototype used in
this chapter is the same as that in chapter 6. Using the prototype, we conducted
three types of experiments.
Chapter 8 describes the method of evaluating the performance of the system in

chapter 7 as a thermal display. The evaluationmethodwas performed by estimating
theheat flux. In addition, the heat fluxwas calculated bymeasuring the temperature
change when the artificial object was cooled.
Chapter 9 describes the application system using a cooling sensation display in

chapter 7. The water mist is used not only as a coolant but also as a fog display.
We propose an interaction system with a cooling sensation and an image which is
projected on a mist screen.
In chapter 10, we finally conclude this thesis.



8

Chapter 2

Perceptual Characteristics of
Thermal Sensation and Patterns
of Displaying

Although the proposed method in this thesis is only one of the methods of display-
ing the thermal sensation, we give an overview of the perceptual characteristics of
thermal sensation. In addition, we introduce the pattern of the basic method of
displaying thermal sensation through related works. Finally, the method of temper-
ature measurement is described.

2.1 Perceptual Characteristics of Thermal Sensation
In this section, we describe the thermal sensation in the tactile sensation and intro-
duce the mechanism that detects temperature change of human body. In addition,
wedescribe the psychophysical findings. In the systemdesign of displaying the ther-
mal sensation, it is necessary to clarify not only the physical temperature change but
also the psychophysical stimulus presentation.

2.1.1 Thermal Sensation in Tactile Sensation

In general, the five senses are the generic term for sight, hearing, tasting, pain,
and touching. The present ”tactile sensation” was defined after the end of the 19th
century [31]. Previously, many sensory relationship such as hot, cold, hard, and
pain were included [32]. Furthermore, since there aremany types of sensations, the
cause of the ”tactile sensation” was not clearly defined. Therefore, ”tactile sensation”
includesmanymodalities of sensation, and it was arguedwhether to define it as one
sensation. However, the present ”tactile sensation” is defined as a generic term for
the following sensations.

• Cutaneous Sensation : Mechanical deformation of skin, skin temperature,
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Fig. 2.1. Static response characteristics of warm and cold receptors. Reconstructed
and modified from [33].

pain sensation, etc.
• Deep Sensation : Posture of limbs, force acting on joints, etc.
• Balance Sensation
• Visceral Sensation

The thermal sensation we focused on in this thesis is one of the cutaneous sen-
sations. The existence of hot spots and cold spots was classically mentioned as the
thermal sensation, but the number of hot spots is smaller than that of pressure or
pain points. Depending on the body part, the density of spots may be extremely
different and there may be only cold spots like the cornea. However, it is known
that there are more receptors than hot spots. When heating sensation occurs at a
site with few hot spots, it is considered that spatial weighting is caused by multiple
receptors. Therefore, there are many mysteries about the mechanism by which the
warm or cold sensation occurs. In the following sections, we explain the temper-
ature change detection mechanism that has been known up to now regarding the
thermal sensation.
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Fig. 2.2. TRP channels and response characteristics. Reconstructed and modified
from [33].

Fig. 2.3. Properties of TRP channels involved in thermal transduction. Reconstructed
and modified from [33].



2.1 Perceptual Characteristics of Thermal Sensation 11

2.1.2 Detection Mechanism of Temperature Change

There are two types of warm receptors (hot spots) and cold receptors (cold spots)
just below the epidermis. The warm receptors are 0.3‐0.6mm deep from the skin
surface, and the cold receptors are 0.15‐0.17mm deep. temperature change on the
skin is detectedby these two receptors. Althoughdensity of thermal receptors varies
according to body parts, it has been found that cold receptors are more abundant
than warm receptors [34]. In addition, the transmission velocity of cold receptors
(5‐30m/s) is faster than that of warm receptors (0.5‐2m/s) [35].
Furthermore, the warm and cold receptors show static (steady) and dynamic (in-

stantaneous) responses regardless of warm or cold stimulation. The static response
corresponds to the absolute temperature, and the dynamic response corresponds
to the temperature change rate. On the other hand, between 30 and 36 ∘C, there
is a temperature range where the temperature sensation is not sensed. However,
in that area, both receptors spontaneously fire at a low frequency. Then, if the skin
temperature changes from this intermediate temperature range, the relative firing
frequency of the receptor changes. In fact, an increase in skin temperature pro-
motes firing of warm receptors, and a decrease in skin temperature promotes firing
of cold receptors. From figure 2.1, the warm receptors respond at 30 to 50 ∘C, with
the highest firing frequency near 45 ∘C. The cold receptors respond at 5 to 43 ∘C,
with the highest firing frequency in the range of 22 to 28 ∘C [34][36]. It is known that
nociceptors respond as excessive temperature stimuli that produce pain sensation
when skin temperature rises above 45 ∘C or below 15 ∘C.
When skin temperature changes, warm and cold receptors respond dynamically.

An on-reaction is a instantaneous increase in the frequency of action potential re-
lease when the temperature receptor heats the skin. Themaximum firing frequency
depends on the temperature change rate, the temperature change range, and the
skin acclimation temperature. In addition, when the skin is cooled, the instanta-
neous suppression of firing is called off-reaction. Therefore, when the on reaction
occurs when the skin is heated, and the off reaction occurs when it is cooled.
There are other processes that convert thermal stimuli into electrical or chemical

signals. It is caused by ion channels located in skin cells and thermal receptors. For
these ion channels, a total of 6 temperature TRP (Temperature-activated-Transient
Receptor Potentials) channels have been discovered: 4 channels that are activated
by heating and 2 channels that are activated by cooling. Firstly, TRPV 1 and 2 are
activated by heat in the area of pain sensation among two channels activated by
heat. TRPV 3 and 4 are activated in painless warmth. On the other hand, among the
channels activated by cooling, TRPM 8 is activated at a low temperature at which



12 Chapter 2 Perceptual Characteristics of Thermal Sensation and Patterns of Displaying

Fig. 2.4. Perceptual sensitivity of warm sensation (upper side) and cold sensation
(lower side) in each body part. Reconstructed and modified from [37].

no pain is produced, and TRPA 1 (Anktm1) is activated in the area of pain sensa-
tion. In chemical substances, TRPV 1 reacts with capsaicin, the main component
of red pepper, and TRPM 8 reacts with menthol, the main component of mint [33].
Figure 2.2 shows the relationship between the temperature TRP channel and the
response characteristics. Furthermore, Figure 2.3 shows the properties of ion chan-
nels involved in thermal transduction.

2.1.3 Perceptual Sensitivity

In the system design of displaying the thermal sensation, it is necessary to clarify
not only the physical temperature change but also the psychophysical stimulus pre-
sentation. In this section, we introduce the characteristics of perceptual sensitivity.
In figure 2.4, the upper and lower bars show the bodymaps of regional warm and

cold sensitivity. Figure 2.4 shows that the higher the threshold of warm sensation,
the lower the perceptual sensitivity of warm sensation [37]. Similarly, the higher the
threshold of cold sensation, the lower the perceptual sensitivity of cold sensation.
From the results, the following is shown.
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Fig. 2.5. Relationship between adaptation temperature and detection threshold per
15 cm2 of stimulated area. Reconstructed and modified from [38].

• The perceptual sensitivity of thermal sensation varies depending on the body
parts, so the lips have the highest sensitivity in the face, but the limbs are not.

• For any body part, the cold sensation has a higher perceptual sensitivity than
the warm sensation.

• Perceptual sensitivities may differ even in the hands. The ball of the palm is
more sensitive to both warm and cold sensation than the fingertips.

• All body parts are perceptually sensitive to cold rather than warm stimulation.
The higher the cold sensitivity, the higher the temperature sensitivity.

• The perceptual sensitivity to thermal sensation tends to decrease with age.

On the other hand, in figure 2.5, the skin adaptation temperature also affects the
detection threshold, as in figure 2.4. The following is shown from figure 2.5 [38].

• Case of low skin temperature : The detection threshold for warmth tends to
be larger than that for coldness.
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• Case of high skin temperature : The cold sensation is preferentially perceived.
• Case of high adaptation temperature : The detection threshold of warm sen-
sation becomes small and the detection threshold of cold sensation becomes
large.

2.1.4 Spatial Characteristics

Here, regarding the perception of thermal sensation, we introduce the spatial char-
acteristics of thermal stimulation, other than the characteristics of perceptual sensi-
tivity. When the thermal stimulation is weak, the characteristic of spatial weighting
is shown [39][40][41]. Spatial weightingmeans that the intensity of the thermal stim-
ulation and the spatial range are transformed so as tomaintain a threshold or above
threshold sensation. Spatial weighting differs between warm and cold sensations.
The degree of spatial weighting in the warm sensation weakens when the stimu-
lus intensity is high. The degree of spatial weighting in cold sensation is similar for
the temperature drop in the range of 1.5 to 12 ∘C [42]. Furthermore, for both warm
and cold sensations, the effect of spatial weighting tends to decrease as the thermal
stimulus approaches the area of pain sensation [43].
On the other hand, the ability to localize thermal stimulation without contact de-

pends on the intensity of the stimulation. When the intensity of stimulation is low,
the localization ability of thermal stimulation is extremely low. When infrared radiant
heat is irradiated to the skin surface, spatial thermal information such as position,
width, and shape is likely to be ambiguously judged [44][45]. On the contrary, it is
known that the localization ability improves as the stimulation intensity increases
[41][46][47]. In addition, the localization of the thermal stimulation during the con-
tact between the hand and the object is evaluated by using the object that causes
different temperature drops for the fingers [15].

2.1.5 Temporal Characteristics

In addition to the spatial characteristics in the previous section, we introduce the
characteristics of the temporal response to thermal stimulation. Adaptation means
the loss of response to a thermal stimulation when applied continuously. For ex-
ample, the warm sensation of taking the bath gradually disappears even if the tem-
perature of the hot water is kept constant. This is called adaptation. Due to this
characteristic, when adapted to a certain temperature range, it is possible to oper-
ate as in an intermediate temperature inwhich neither cold feeling norwarm feeling
occurs. Then, the temperature change criterion changes. The temperature range in
which full adaptation occurs depends on the body part and the stimulation range.
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Fig. 2.6. Relationship between adaptation temperature and time in the forearm. Re-
constructed and modified from [48].

From figure 2.6, it is 28‐37.5 ∘C when a stimulus of 14.4 cm2 is applied to the forearm
[48]. In the case of a finger, since the stimulation range is small, the temperature
range for total adaptation is 17‐40 ∘C [49]. The speed of adaptation depends on the
difference between the initial skin temperature and the adaptation temperature.
Adaptation occurs as soon as the initial skin temperature is close to the adaptation
temperature. Adaptation takes longer if the adaptation temperature is far away.
Also, the duration and intensity of thermal stimulation are transformed to main-

tain threshold and above threshold sensations similarly to the spatial weighting.
This is called time weighting. The characteristics of time weighting have been inves-
tigated by thermal stimulation of the face [50]. If the duration of irradiation from
infrared rays is less than 1 s, the duration and intensity of stimulation are exchanged
with each other. However, if the duration is 1 s or more, the effect of time weighting
is not seen. On the other hand, it is not clear whether time weighting occurs in cold
stimulation as well, since no similar study has been done for cold stimulation.
The response time to the thermal sensation is measured for each body part
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[51][52]. The results of these studies indicate that cold stimulation has a shorter
response time than warm stimulation. Besides, the response time in the tem-
perature characteristic of the material is longer than the simple response time.
Furthermore, the determination time of the thermal characteristic is longer than
the determination time of the tactile characteristic.

2.2 Method of Displaying Thermal Sensation and
Related Works

There are a variety of methods in the technology of displaying thermal sensation.
In this section, we classify the method of displaying the thermal sensation. The
method of displaying the thermal sensation is roughly divided into two types de-
pending on whether or not the skin temperature is changed. Next, in the method
of changing the skin temperature, whether the device for displaying thermal sen-
sation is in contact with the skin or not. That is, it is divided into a contact manner
and a non-contact manner. It has been proposed to display the thermal sensation
by using one or more of these methods. Furthermore, using the characteristics of
human perception, the method of displaying the thermal sensation has also been
proposed.
here, the term ”heating sensation” and ”cooling sensation” are defined as follows.

These term belong to warm and cold sensations, respectively.

• Heating sensation: The warm sensation when it is physically heated.
• Cooling sensation: The cold sensation when it is physically cooled.

2.2.1 The method of changing the skin temperature

‧Contact manner
In many cases, the Peltier device is used as the method of displaying the thermal
sensation when wearing the device on the skin [16][19]. The Peltier device is a semi-
conductor device that uses the Peltier effect, which is the effect of heat transfer from
one metal to the other. In this device, the heat transfer direction and the amount
of heat transfer can be controlled by the direction and the amount of the electric
current. Therefore, both warm and cold sensation can be displayed. The amount of
heat can also be electrically controlled. In addition, it is convenient since it has a size
of several mm to several hundred mm. However, in order to provide a stable cold
sensation, a heat dissipationmechanism has to be provided on the surface opposite
to the displaying direction.
As amethod other than the Peltier element, amethod has been proposed inwhich
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a liquid is made to flow inside ametal and the temperature of the liquid is controlled
to display the thermal sensation. Sakaguchi et al. proposed a method of displaying
thermal sensation using hot and cold water [17]. This is suitable for displaying a
thermal sensation over a wide area since the entire path of the heat medium fluid
can be used as a surface of displaying. However, it is necessary to have a mecha-
nism for storing the fluid changing the temperature of the fluid, or for transporting
the fluid to the user’s body part. In other words, there are issues regarding sys-
tem design. Furthermore, it is possible to create a device of displaying the thermal
sensation by using the Joule heat.

‧Non-contact manner
As for a method of displaying thermal sensation without contacting device, an air
conditioner that changes the temperature of the air can be used. In addition, a
method of heating the skin surface using radiant heat such as infrared rays or a laser
to display the thermal sensation has been proposed [21][22]. The method using an
air conditioner or a fan can display the cold sensation to a wide area such as the
whole body. However, high spatial resolution is required when displaying at any
specific position such as fingertip.
Thermal sensation may be affected by mechanical tactile sensation. In the non-

contact manner, the warm and cold sensation without mechanical sensation can be
displayed.
Here, we introduce some methods of displaying thermal sensation without con-

tacting device and describe them in detail.

(1)Halogen lamp
Saga proposed the method of heating the user’s skin surface using a halogen lamp
[21][53][54]. This method is the system of remotely displaying heating sensation.
The condensing reflector can converge the radiant heat of the halogen lamp and
control the irradiation direction. It is shown that it is possible to control the radiant
intensity within a certain distance range and display a virtual wall. Further, it has
been attempted to use the generation of pain sensation due to the characteristics of
the thermal receptor. As described in the perceptual characteristics of thermal sen-
sation, the thermal sensation consists of the responses of several receptors. Each
receptor receives a different temperature range. One of them, TRPV1, produces not
only heating sensation but also pain sensation.

(2)Laser light
Similarly, Saga proposed the method of displaying heating sensation using a laser
light [22][55]. Compared with the method using a halogen lamp, there are signifi-
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cant restrictions on the distance and accuracy of displaying heating sensation. The
advantage of using a laser light is the high spatial resolution displayed on the user’s
skin surface. In addition, by using a Galvano mirror, high-speed scanning can be re-
alized, and it becomes possible to display the point heating sensation by laser light
in a wider range. Furthermore, in the method using a halogen lamp, the emitted
light beam contains light in a wide frequency band. On the other hand, it is possible
to emit only a light beam with a very limited frequency by using a laser light. There-
fore, an active sensor using infrared light such as Kinect2 can be used for human
body sensing. In fact, it is shown that control of the scan area can be easily real-
ized. However, due to the reflection characteristics of the mirror, the high enough
radiation heat cannot be obtained.

(3)Vortex tube
Xu et al. proposed the method of non-contact displaying the cold sensation by con-
trolling cold air flow generated from a vortex tube [23]. The method is based on a
cooling model that relates the flow velocity of cold air and the heat absorbed from
the user’s skin. It is known that the factors which affect the cold sensation are the
temperature and flow velocity of the environmental air [56]. The vortex tube can
produce cold air in a short time only by supplying compressed air. The temperature
of the output air is related to the pressure of compressed air. As the pressure of
the compressed air increases, the temperature of the air discharged from the cool
air outlet decreases, and the temperature of the air discharged from the warm air
outlet increases [57]. Therefore, various cold sensation is displayed in a non-contact
manner by controlling the flow rate of cold air coming out of the tube and mixing
with cold air. It was shown that the measured temperature drop increased as the
flow velocity of the cold air increased. However, the distance of displaying needs to
be improved, since the distance between device and the user’s skin surface is about
5cm. The distance between the user’s skin surface and the device is preferably sev-
eral meters or more in order to display cold sensation remotely.

(4)Focused airborne ultrasound
Kamigaki et al. proposed a non-contact method to display the heating sensation by
airborne ultrasound [58]. This method uses ultrasound phased arrays to generate
airborne ultrasound. At this time, the heating sensation is displayed in a non-contact
manner by irradiating the glove worn by the user with airborne ultrasound. In other
words, the heating sensation is due to sound absorption and heat generated by the
glove irradiated with ultrasound. Therefore, it is displayed by heat conduction to
the skin surface in contact with the glove. In addition, the system can display not
only the heating sensation but also vibrotactile sensation at the same time. This is
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because the ultrasound phased array can modulate the amplitude at a frequency
at which the tactile receptors easily fire. In fact, it was shown that the heating sen-
sation was displayed by the irradiation of airborne ultrasound. Furthermore, it was
confirmed that the vibrotactile sensation can be displayed by changing patterns of
irradiating ultrasound.

2.2.2 The method which does not change the skin temperature

Some thermal receptors respond to certain chemicals, such as capsaicin for warmth
and menthol for coldness [33]. Due to this characteristic, it is possible to display a
cold sensation without directly changing the skin temperature.
It has also been reported that thermal sensation is generated from visual informa-

tion such as the appearance and scenery of objects related to color and temperature
[59]. Therefore, it is expected that the use of multi-sensory interaction will illusion-
ally display the thermal sensation.

2.3 Method of Temperature Measurement
It is important to measure the skin temperature when the skin temperature is
changed regardless of contact or non-contact manner. Thermistor and thermocou-
ple are mainly used to measure temperature. In addition, a thermography camera
is used for measuring the temperature of the object surface. Here, we describe
each measurement method in detail.

‧Thermistor
A thermistor is an element whose resistance changes when the temperature
changes. Electricity flows more easily at higher temperature and becomes difficult
to flow at lower temperature. Therefore, temperature information can be obtained
by observing the flow of electricity in the thermistor. It is small, resistant to shock
and vibration, and highly sensitive to temperature. However, it is not possible to
measure accurate temperature depending on the environment temperature.

‧Thermocouple
A thermocouple is a temperature sensor composed of two different types of metal
conductors. This sensor uses the Seebeck effect, where a voltage corresponding
to the temperature difference between the metals is generated when two different
kinds of metals are joined. It has advantages such as long life, heat resistance and
mechanical strength.
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‧Thermography Camera
It is a temperature sensor that estimates the temperature distribution from infrared
rays which are emitted from the surface of an object. It is possible to measure the
temperature of the object surface in a non-contact manner. Therefore, it is suit-
able for use in combination with methods of displaying the thermal sensation re-
motely. However, if there is an object that does not transmit infrared rays between
the measurement target and the camera, the temperature of the target cannot be
measured.

2.4 Conclusion
In this chapter, firstly, we described the perceptual characteristics of the thermal
sensation. Secondly, we introduced patterns of displaying the thermal sensation
and related works. Finally, the method of temperature measurement is described.
Here, in this section, we examine fields suitable for the proposed method in this
thesis.
Regarding the purpose of this study, it is to remotely display a cooling sensation

on the user’s body without wearing the device on the user’s skin surface. From the
classification of displayingmethod patterns, it is classified as amethod of displaying
the thermal sensation in a non-contact manner. In the proposedmethod of this the-
sis, the ultrasound beam or focused ultrasound is utilized by using the ultrasound
phased array. The beam size can be focused down to about the wavelength. There-
fore, a cooling sensation can be displayed with good localization at a distance from
the device by a sound source with an appropriate aperture. It means that the spatial
resolution is higher than themethod of displaying the cooling sensation using an air
conditioner. The principle and details of the proposedmethod using the ultrasound
phased array are described in the next section.
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Chapter 3

Controlling Ultrasound Beam
and Focused Ultrasound Using
Ultrasound Phased Array

In this thesis, our proposed method uses the ultrasound phased array. In this chap-
ter, we describe fundamental principle of the ultrasound phased array. First, we
introduce the method of creating acoustic field using the ultrasound phased array.
Second, we explain how to form the ultrasound beam and related works. Finally, the
method of forming the focused ultrasound.

3.1 Airborne Ultrasound Phased Array (AUPA)

Fig. 3.1. Appearance of the AUPA.

We use the airborne ultrasound phased array (AUPA) developed by Iwamoto et al.
as the ultrasound phased array used in our proposed method [6][7][60]. AUPA is a
phased array in which ultrasound transducers are arranged in a grid pattern. This
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device can make the sound field with various spatial distributions by controlling the
phase delay and amplitude of output waveform for each transducer using driving
signal control and acoustic metasurface [61]. Thus, the ultrasound beam and fo-
cused ultrasound can be formed on arbitrary three-dimensional positions. In addi-
tion, by applying amplitude modulation to acoustic radiation pressures of the ultra-
sound beam and focused ultrasound, the tactile receptors are fired. In other words,
the tactile sensation is generated. In this section, we describe the basic theory of
acoustic field formed by AUPA (Fig. 3.1).

3.1.1 Acoustic Field Controlled by AUPA

The complex sound pressure formed by the ultrasound phased array consisting of
𝑁 transducers at time 𝑡 and position 𝒓 = (𝑥, 𝑦, 𝑧) can be represented by the super-
position formed by each transducer at 𝒓𝑛 = (𝑥𝑛, 𝑦𝑛, 𝑧𝑛):

𝑝(𝒓, 𝑡) =
𝑁

∑
𝑛=1

𝐴𝑛
𝐷(𝜃𝑛)

‖𝒓 − 𝒓𝑛‖e
−𝛽‖𝒓−𝒓𝑛‖ej(𝑘‖𝒓−𝒓𝑛‖−𝜔𝑡)ej𝜙𝑛 (3.1)

where the subscripts 𝑛 = 1, 2, ..., 𝑁 is the index of the transducer, 𝐴𝑛, 𝜙𝑛, 𝒓𝑛 rep-
resent the output amplitude, phase, and position of transducer 𝑛, respectively, 𝜃𝑛
is an angle from normal direction to transducer, and 𝐷(𝜃𝑛) is the directivity of the
transducer. In addition, 𝛽 = 1.15 × 10−1 [Np/m] is the coefficient of air damping, and
𝑘, 𝜔 are the wave number and angular frequency, respectively.
In the case of AUPA used in this research, both the amplitude 𝐴𝑛 and the phase

𝜙𝑛 have a resolution of 8 bits. The transducer (T4010A1, Nippon Ceramic Co., Ltd.)
has a resonance frequency of 40 kHz. It has directional characteristics as shown in
figure 3.2. Here, the desired distribution of sound pressure is discretized into𝑀 con-
trol points. According to the expression( 3.1), the distribution of sound pressure and
method of driving can be written as follows. Then, the time oscillation component
is excluded.

𝒑 = 𝑮 ⋅ 𝒒 (3.2)
𝒑 = [𝑝1, 𝑝2, ..., 𝑝𝑀 ]T (3.3)

𝑮 = ⎛⎜
⎝

𝐺11 ⋯ 𝐺1𝑁
⋮ ⋱ ⋮

𝐺𝑀1 ⋯ 𝐺𝑀𝑁

⎞⎟
⎠

(3.4)

𝐺𝑚,𝑛 = 𝐷(𝜃𝑚,𝑛)
‖𝒓𝑚 − 𝒓𝑛‖e

−𝛽‖𝒓𝑚−𝒓𝑛‖ej(𝑘‖𝒓𝑚−𝒓𝑛‖) (3.5)

𝒒 = [𝑞1, 𝑞2, ..., 𝑞𝑁 ]T (3.6)
𝑞𝑛 = 𝐴𝑛ej𝜙𝑛 (3.7)
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Fig. 3.2. Directivity of T4010A1 from the datasheet.

Fig. 3.3. Examples of wavefronts generated by AUPA.

The subscripts 𝑚 = 1, 2, ..., 𝑀 is the index of the control point. 𝐺 is determined as
a matrix of the transfer function by arrangement of transducers and control points.
𝒒 is complex amplitude of the transducer outputs and the amplitude and phase of
each transducer can be changed with 8 bit resolution. Therefore, in case of using
AUPA, 𝑮 is physically determined, and 𝒒 is programmable. Based on the Huygens’s
principle, AUPA can create arbitrary wave front out of phased-emission from multi-
ple transducers (Fig. 3.3).
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3.1.2 Acoustic Radiation Pressure

When displaying tactile sensation by ultrasound, it is desirable that the sound pres-
sure is as high as possible. This is the reason that the acoustic radiation pressure 𝑃
[Pa] is proportional to the square of the sound pressure given by

𝑃 = 𝛼𝐸 = 𝛼 𝑝2

𝜌𝑐2 (3.8)

where 𝐸 [J/m3], 𝑝 [Pa], 𝜌 [kg/m3], and 𝑐 [m/s] denote the sound energy density,
sound pressure, density of the medium, and sound velocity, respectively. 𝛼 is de-
termined by 𝛼 = 1 + 𝑅2, where 𝑅 denote the reflection coefficient on the object
surface. The value of 𝛼 is between 1 and 2. If the value of 𝛼 is 1, the energy is per-
fectly absorbed by the object. If the value of 𝛼 is 2, it is perfectly reflected on the
object surface. In this study, since we use human skin as the displaying target, we
calculate 𝛼 = 2. This is why almost all of the ultrasound is reflected at the boundary.

3.2 Ultrasound Beam
In the section 3.1, we introduced the characteristics of AUPA. In this section, we
describe the ultrasound beam generated by AUPA. Since the ultrasound beam can
induce small air flow, we use the air flow for transporting cold air in our proposed
method. This uses a phenomenon called acoustic streaming.

3.2.1 Acoustic Streaming

As a characteristics of ultrasound, when a liquid containing particles is irradiated
with ultrasound, acoustic radiation pressure is generated on the particles. It is
known that particles are converged to nodule due to forming of standing waves.
When a traveling wave of ultrasound is generated in a fluid, acoustic streaming
occurs [62][63][64]. Generally, acoustic streaming is the phenomenon that causes
ultrasound-driven air flow [65]. Acoustic Streaming can be classified into the
following three types [66][67].

• Rayleigh Streaming
• Schlichting Streaming
• Eckart Streaming

Rayleigh streaming, which is comparable to the wavelength, is a vortex flow in-
duced in a standing sound field. Schichting streaming, which is far shorter than the
wavelength, is a vortex flow formed in a viscous boundary layer on the object sur-
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face in the sound field. Eckart streaming, which is much longer than the wavelength
of the ultrasound, is a straight flow formed in a progressive sound field. These gen-
eration have been observed not only in water [68][69] but also in the air [62][70].
In this thesis, we use a straight beamgenerated in an electronically steerableman-

ner, by means of AUPA.

3.2.2 Generation of Airflow by Ultrasound Beam

Here, we describe a method of generating a steerable, narrow, straight airflow that
is located away from the AUPA which generates an acoustic Bessel beam [71]. The
ultrasound-driven flow is accelerated during propagation by kinetic energy supplied
from the area where ultrasound is generated. Compared to the flow of jets or fans,
the farther it propagates, the less it attenuates and dissipate. At the point of maxi-
mum velocity, it is possible to place far away from the sound source such as jets or
fans is following the flow in the air.
With single-frequency sinusoidal sound sources, the driving force per unit volume

exerted by the air is known to be proportional to the acoustic power [62]. At the
position 𝒓 = (𝑥, 𝑦, 𝑧), the driving force vector per unit volume 𝐹(𝒓) is given by

𝐹(𝒓) = 2 𝛼
𝜌𝑐 𝐼(𝒓) (3.9)

where 𝐼(𝒓), 𝜌 [kg/m3], and 𝑐 [m/s] denote the acoustic intensity, density of the
medium, and sound velocity, respectively. The acoustic intensity 𝐼(𝒓) is equivalent
to the temporally averaged acoustic power. Therefore, by creating a situaton where
the acoustic power is localized in a narrow range in the air, it has been found that a
straight airflow with a narrow cross-sectional area can be generated away from the
sound source [71].

3.2.3 Method of Forming Acoustic Bessel Beam

In the method of generating the acoustic flow in previous section 3.2.2, the Bessel
beam is an appropriate example of an acoustic beamwhen used in the design of the
proposedmethod. Since it can generate a narrow air flow, the proposedmethod can
be expected to have higher spatial resolution than fans such as air conditioners.
Generally, the Bessel beam is a long focal depth beam whose amplitude is repre-
sented by the Bessel function of the first kind in the cross section in the wave prop-
agation direction. In the optical disciplines, it is mainly formed by using a conical
axicon lens [72][73] (Fig. 3.4).
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Fig. 3.4. Example of Bessel beam generated by axicon lens in optics.

The Bessel beam has the energy density which is highest around the propagation
axis. Coaxial energy is distributed in the beam cross section. In addition, the di-
ameter of the beam cross section can be as small as the wavelength. Therefore, a
higher frequency source is required to generate a narrower beam. We explain the
basic method of controlling the beam with reference to tha paper by Hasegawa et
al. [71].

Fig. 3.5. Bessel beam formed by virtual cone-shaped sound source with AUPA.
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Bessel beam is generated by making the waves conical. Figure 3.5 shows how the
conical source forms a Bessel beam. AUPAs are used to design the system of the
proposed method. In the section 3.1, the wave front can be controlled by properly
setting the phase delay from multiple emission sources. If each transducer has a
phase shift that is proportional to the distance between its position 𝒓 = (𝑥, 𝑦, 𝑧) and
the cone-shaped virtual sound source, Bessel beam can be formed.
Here, in order to generate the Bessel beam, we describe the phase shift control of

the ultrasound transducer forming the conical sound source in detail. Suppose that
the vertex of the cone corresponds to the origin, the 𝑧-axis is identical to that of the
cone with its direction faced towards the bottom. 𝜃𝑧 is the angle between the side
of the cone and the 𝑥𝑦-plane. Then, a phase shift 𝜙(𝒓) is given by

𝜙(𝒓) = 𝑘 (√𝑥2 + 𝑦2 sin 𝜃𝑧 − 𝑧 cos 𝜃𝑧) (3.10)

where 𝑘 is a wave number. The length of Bessel beam 𝐿𝑏𝑒𝑎𝑚 is given by

𝐿𝑏𝑒𝑎𝑚 = 𝐴
2 tan 𝜃𝑧

(3.11)

where 𝐴 is the width of array aperture. When it is near the position of 𝑧 = 1
2 𝐿𝑏𝑒𝑎𝑚,

the acoustic intensity of the beam can take a maximum value. Change of the beam
direction can be realized by changing the direction of virtual cone-shaped sound
source as shown in figure 3.6. This is detailed in [71].

Fig. 3.6. Example of changing the Bessel beam direction.
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Furthermore, when the beam irradiation position is not in the center of AUPA, the
position 𝒓 = (𝑥, 𝑦, 𝑧) should be moved in parallel so that the position 𝒓0 = (𝑥0, 𝑦0, 𝑧0)
is centered (Fig. 3.7).

Fig. 3.7. Example of changing the Bessel beam position and direction.

3.2.4 Application Example of Using Bessel Beam

As an application example using Bessel beam in the previous section 3.2.3,
Hasegawa et al. developed a technology for transporting odors in the air [74][75].
In fact, it has been shown that steerable narrow airflow is generated, and it can
transport odor midair within a certain distance.
On the same principle, we can expect to transport low temperature air instead

of odorous substances. The Bessel beam can be narrowed down to a comparable
size to the ultrasound wavelength, 8.5 mm in our setup. The narrow beam could
successfully transport a cold air mass and generate a localized cold spot on a skin
away from the device. Similarly to odorous substances, it was shown that gas such
as cold air of dry ice could be transported to the user’s skin surface in the air [30].
In this thesis, we use themist instead of cold air of dry ice and describe in chapter.

3.3 Focused Ultrasound
In this section, wedescribe the focusedultrasoundgenerated byAUPA. In this thesis,
the focused ultrasound is equivalent to focal point of ultrasound. As the section 3.1,
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AUPA can create a focused sound at any position in the air by controlling the phase
of each transducer. When it is interrupted with the skin surface, acoustic radiation
pressure is generated and a vibrotactile sensation is displayed. Also, the relationship
between sound pressure and acoustic radiation is shown as the expression (3.8).

3.3.1 Method of Forming Focused Ultrasound

As for themethod of forming the focused ultrasound, you can create a proper phase
shift similar to the method of forming ultrasound beam (3.10). Let the position of
focused ultrasound be 𝒓𝑓 = (𝑥𝑓 , 𝑦𝑓 , 𝑧𝑓). As shown in figure 3.8, the phase shift 𝜙(𝒓)
at the position 𝒓 = (𝑥, 𝑦, 𝑧) is given by

𝜙(𝒓) = 2𝜋
𝜆 ‖𝒓 − 𝒓𝑓‖ (3.12)

where 𝜆 [m] is wavelength of focused ultrasound. This phase shift can lead to form
focused ultrasound.

Fig. 3.8. Schematic image of forming focused ultrasound.

3.3.2 Spatial Resolution of Focused Ultrasound

In the AUPA, it is assumed that 𝑁 transducers are arranged at intervals 𝑑 [m]. In
addition, it is assumed that the focused ultrasound is at a distance ℎ [m] from the
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center of the AUPA as shown in figure 3.9 [76]. Here, if ℎ >> 𝑑 is satisfied, it can be
regarded as Fresnel diffraction. The sound pressure distribution is approximated
by 𝑠𝑖𝑛𝑐 function. Therefore, the minimum diameter of the focused ultrasound 𝑤𝑓 is
estimated as

𝑤𝑓 = 2ℎ
𝑁𝑑 𝜆 (3.13)

Furthermore, the diameter of the focused ultrasound is proportional to the wave-
length 𝜆 [m] and inversely proportional to the aperture diameter 𝑁𝑑. On the other
hand, The sound pressure distribution in the depth direction is approximated by 𝑠𝑖𝑛𝑐
function. The center diameter 𝑤𝑑 is estimated as follows.

𝑤𝑑 = 2ℎ
𝑁𝑑 𝑤𝑓 = ( 2ℎ

𝑁𝑑 )
2

𝜆 (3.14)

The expression (3.13) and (3.14) show that a proper aperture can provide better
localization of the focused ultrasound. Therefore, the spatial resolution of AUPA is
determined by the diameter of the focused ultrasound 𝑤𝑓 . On the other hand, since
the displaying direction is vertical to the user’s skin surface, the center diameter 𝑤𝑑
shall not be considered.

Fig. 3.9. The area of the focused ultrasound. Reconstructed and modified from [76]
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3.3.3 Airflow Generation by Focused Ultrasound

Similar to generation of acoustic streaming by ultrasound beam, airflow can also
occur when using the focused ultrasound. The cause of this airflow has not been
identified, but the main cause is the generation of acoustic streaming [77]. Accord-
ing to (3.2.1), the airflow observed by displaying tactile sensation can be sensed by
the finger, it is considered to be the Eckart streaming. The basic equations for the
Eckart streaming are described as

∇ ⋅ 𝒗 = 0 (3.15)
𝜕𝒗
𝜕𝑡 + 𝒗 ⋅ ∇𝒗 = −1

𝜌∇ ̄𝑝 + 𝜈∇2𝒗 + 𝐹 (3.16)

𝐹 = 𝑏
𝜌3𝑐4 𝑝∇ (𝜕𝑝

𝜕𝑡 ) (3.17)

where 𝒗, 𝜌, 𝑝, 𝜈, 𝐹 , and 𝑐 denote the particle velocity, density of themedium, sound
pressure, kinematic viscosity coefficient, force applied to the medium per unit vol-
ume, and sound velocity, respectively [78]. From these equations, it can be seen that
𝐹 is determined by the time change of sound pressure and the amplitude. When
the focused ultrasound waves are irradiated with acoustic radiation pressure, ultra-
sound generated from each transducer concentrate in the same phase. Therefore,
the amplitude and time change of sound pressure increase. In other words, it is
considered that 𝐹 becomes large enough and acoustic streaming is generated.
In this thesis, we also use air flow driven by focused ultrasound for transporting

the mist and describe in chapter.

3.4 Conclusion
In this chapter, we described the principle of AUPA. Firstly, we introduced the
method of creating acoustic field. This method showed that AUPA can create vari-
ous arbitrary wave front out of phased-emission from AUPA. Secondly, we described
the method of forming the ultrasound beam and application examples. Then, it is
explained that the ultrasound beam can cause air flow as small as wavelength. we
introduced the acoustic Bessel beam as an appropriate example of the ultrasound
beam. It can be expected to have higher spatial resolution than fans or jets. Finally,
we described the method of generating the focused ultrasound. The acoustic field
of focused ultrasound can be formed by creating a proper phase shift similar to
forming ultrasound beam. The spatial resolution is also increased by changing a
proper aperture. In addition, airflow may occur when using focused ultrasound.
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The cause may be thought to be acoustic streaming. In the chapter 5 and 6, we use
the acoustic streaming for transporting the mist similar to ultrasound beam.
Although the methods of using ultrasound beam and focused ultrasound were

described, we perform experiments of remote displaying cooling sensation using
each method. Each method is basically used for transporting the mist. However,
in case of using focused ultrasound, it is aimed to instantly converge the mist and
simultaneously vaporize it. As for cooling the user’s skin surface, both methods use
the heat of mist vaporization. In next chapter, we describe the cooling method with
mist.
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Chapter 4

Superiority of Cooling Method
Using Mist

In this research, themist is used as a coolant for displaying cooling sensation. When
displaying a cooling sensation in the air, it needs to remove the heat from the user’s
skin surface. The same strategy as heating sensation does not go well with cooling
sensation in non-contact manner because the irradiated rays can only raise the tem-
perature on the objects. Airborne cold air is virtually the only way to deprive heat of
the users’skin surface. However, since a physical cooling engine is required to cre-
ate the cold air, it is difficult to implement institutional setup. There is also amethod
of using cold air such as dry ice, but it limits the range of practical application. The
method of using mist is convenient because it is easy to get from water without the
need for a cooling engine. In this chapter, we describe the characteristics of cooling
method using mist.

4.1 Application Example of Mist Cooling
Generally, an air conditioner using a heat pump is utilized to cool the air in the en-
vironment. In recent years, attention has been paid to mist cooling using the heat
vaporization of water along with the occurrence of the heat island phenomenon.
This method of using mist cooling has the advantage that the power consumption
required to lower temperature is less than that of heat pump type. The mist cooling
is mainly used for reducing the temperature of environmental air in facilities such
as factories, warehouses and farms. In other words, the vast majority is used in
large-scale spaces [79][80][81].
On the other hand, there are several examples of using a fan to cool the user’s

body surface [82][83]. However, there are few methods for cooling localized areas
of the body such as the fingertips. In this thesis, we proposed the method of trans-
porting mist using acoustic flow instead of the winds generated by fans. Therefore,
we came up with the idea of contributing to the field of haptics technology by taking
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advantages of the high spatial resolution of the AUPA described in Chapter 3. In ad-
dition, we utilize the water mainly for generating mist. In next section, we describe
the characteristics of water.

4.2 Superiority of Water as Cooling Medium
The advantage of using water for mist cooling is that it is easy to get water. In addi-
tion, the reason why it is excellent as a medium used for cooling is the following.

• Chemically stable :
Water does not decompose into different substances by heating under nor-
mal temperature environment. Less risk of significantly corroding other sub-
stances.

• Large specific heat :
Specific heat is the amount of heat required to raise the temperature per gram
of substance by 1 ∘C. High specific heat means that much heat is required to
raise the water temperature. According to the table 4.1, the value of water
specific heat is larger than other substances. Therefore, it is shown that cool-
ing efficiency using water is high.

Table 4.1. Table of specific heat. Referenced from [84]. Some substances are calcu-
lated.

• Large heat of evaporation :
The heat of vaporization is the heat required to turn liquids into gases. Ac-
cording to the table 4.2, it can be seen that water has a remarkably high heat
of vaporization compared to other substances. The larger the heat of vapor-



4.3 Droplets Generated by Ultrasound Atomization 35

ization, the more heat is required to vaporize. In other words, the more heat
of evaporation, the more heat it takes from the surroundings when it evapo-
rates. This means that the cooling capacity is large.

Table 4.2. Table of boiling point and heat of evaporation. Referenced from [84]. Some
substances are calculated.

4.3 Droplets Generated by Ultrasound Atomization
In this thesis, we use amethod to generatemist by irradiatingwaterwith ultrasound.
This section describes liquid atomization and droplet generation with ultrasound.

Fig. 4.1. The process of droplet formation.

4.3.1 Liquid Atomization

In the process of atomization, there is a change in the interface shape of the liquid.
Liquid atomization involves the processes of turbulence in the liquid, generation of
surface waves, deformation of the interface, splitting, and formation of droplets.
When external energy (pressure, heat, vibration, etc) is applied to a liquid mass,
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it transforms into a liquid sheet or a liquid column. When the interface becomes
unstable, atomized droplets split from the interface as shown in figure 4.1.

4.3.2 Ultrasound Atomization

In this subsection, the phenomenon of ultrasound atomization is described with ref-
erence to [85]. The ultrasound atomization is the atomization of a liquid by using the
vibration energy of ultrasound. The size of droplets depends on frequency, surface
tension of the liquid, and density. 2MHz ultrasound is predicted to produce droplets
of several micrometer size, and it has been reported that there are much smaller
nanometer-sized droplets.

4.3.3 Droplet generation model

This subsection introduces two droplet generation models. They are capillary wave
model and cavitation model. These differences are shown in figure 4.2.

Fig. 4.2. (a) capillary wave model and (b) cavitation model.

• Capillary wave model:
When the surface of the liquid is vibrated by ultrasound, a capillary wave is
formed, and the tip of the wave is split to generate droplets.
Droplet diameter 𝑅 [cm] is known to be proportional to the wavelength 𝜆 [cm]
of the capillary wave given by

𝑅 = 𝑘𝜆 = 𝑘(8𝜋𝛾/(𝜌𝑓2))1/3 (4.1)

where 𝜌 [g/cm3], 𝛾 [mN/m], 𝑓 [Hz] and 𝑘 [−] denote the density of the liquid,
surface tension, frequency, and proportional constant, respectively.
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• Cavitation model:
When the liquid is irradiated with ultrasound, the air and gas in the liquid
repeatedly expand and insulate. Therefore, high-temperature and high-
pressure microbubbles are generated, and droplets are generated by the
breakup of the bubbles.
According to [85], the size of droplets due to cavitation resulting from ultra-
sound vibration is theoretically unknown. Similar to the capillary wave model,
it has been reported that the smaller the frequency, the larger the droplet
diameter along with the bubbles.

Generally, the cavitation model is the main factor when several tens kHz ultra-
sound vibrates. When vibrating at a high frequency, the intensity of cavitation weak-
ens. Thus, the capillary wave model becomes influential.

4.4 Conclusion
In this chapter, we described the superiority of cooling method using mist in this
thesis. Firstly, we introduced application example of mist cooling. In many cases,
it is used in a large space. although there is a method of cooling the body using
the air blown by a fan, the area to be cooled is relatively large. Here, we came up
with the idea that can contribute to the field of haptics technology by utilizing the
high spatial resolution of acoustic streaming generated from AUPA. Secondly, the
characteristics of water were introduced to describe the high effect of water mist
cooling used in this thesis. Thirdly, this thesis uses the method of irradiating water
with ultrasound for generating themist. This was described about the generation of
droplets by the phenomenon of ultrasound atomization. In addition, we introduced
the estimation of the theoretical size of the generated mist.
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Chapter 5

Remote Cooling Sensation by
Transporting Mist with
Ultrasound Beam

Chapter 3 described the method of generating ultrasound beam in section 3.2. This
chapter describes a midair haptic display that provides a cooling sensation using
ultrasound-driven cold air flow cooled by mist vaporization (Fig. 5.1). Non-contact
thermal display using ultrasound-driven cold air flow has been reported, but the
system uses dry ice as the cold-air source, which limits the range of practical appli-
cations [30]. In this chapter, we propose a method using mist vaporization instead
of dry ice to extend the application. Using this system, we investigate transporting
the mist to a localized spot on a user’s skin. Then, we compare the cooling effect
when mist and cold air of dry ice are used.

Fig. 5.1. System overview.
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5.1 Prototype
The overall system is shown in figure 5.2 and 5.3. This system is composed of the
airborne ultrasound phased arrays (AUPA) driven at 40 kHz, ultrasound transducer
for generating mist (IM1-24/LW SEIKO GIKEN INC), and water tank.

Fig. 5.2. Experimental setup.

Fig. 5.3. System with a water tank.
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The AUPA is set up so that it can radiate ultrasound beam in the horizontal direc-
tion toward a water tank. The ultrasound transducer generates 400mlmist per hour.
The particle diameter of the mist is as small as 4〜5𝜇𝑚. The ultrasound transducer
is set up in water tank which stored 2 liters of water. The transducer produces rich
mist as figure 5.4. A part of the mist is transported by the airflow generated from
the AUPA.

Fig. 5.4. A photo showing the mist generation.

5.2 Experiment
In this experiment, using the prototype system, the mist is transported in the air so
that it hits the user’s palm due to the airflow. Then, we examine temperature change
of the palm surface due to the mist vaporization. As a comparative experiment, a
block of dry ice was used. We also measured the temperature change when cold
air is generated by dissolving dry ice in water. In this way, we compare the cooling
effects of the mist and dry ice.

5.2.1 Measuring Procedures

As shown in figure 5.5, the mist generated from the ultrasound transducer in water
is transported to the user’s palm by the ultrasound-driven airflow. The cold air of dry
ice is also transported by the airflow. Then, we measure the temperature change of
palm with a thermography camera (OPTOI450O 29T900) and adjust the airflow so
that it hits the center of the palm. As shown in figure 5.6, the measurement area
was determined. The measurement area is a circle with a diameter of 3 cm, and the
center position is irradiated with the ultrasound beam.
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Firstly, themist or cold air of dry ice is generated before the start ofmeasurement.
The airflow is generated from the ultrasound phased arrays 10 seconds after the
start of generation of cold air. We continue air transportation to the user’s palm for
50 seconds. Then, the ultrasound phased arrays are switched off. Furthermore, the
measurement is finished after 30 seconds.
Figure 5.7 shows how themist and cold air of dry ice are generated from the water

tank and transported in the air by ultrasound-driven airflow.

Fig. 5.5. Measurement system.

Fig. 5.6. Target parts on the palm shown in the thermographic image.
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Fig. 5.7. (a)Mist and (b)cold air of dry ice guided by ultrasound-driven airflow.

5.2.2 Experimental Results

Figure 5.8 shows the temperature change when the mist or cold air of dry ice cools
user’s palm according to the measuring procedures. We let 𝑡 s be the elapsed time
from the start of measurement. The airflow was generated at 𝑡 = 10 s. Figure 5.8
shows the image of cooing by the mist and cold air of dry ice at 𝑡 = 5, 20 s. In other
words, it shows how the palm is cooled before and after the airflow is generated.
From this result, compared with using cold air of dry ice, it is found that cold spots
are more likely to generate when the mist is used. In addition, a larger temperature
drop was observed around the area of airflow irradiation.
The minimum value of the temperature in the palm measured by thermography

camera is shown in figure 5.9. When the mist was used, the temperature rapidly
dropped 1 s after the airflow was generated. It dropped 3.5 to 3.8 ∘C in 50 s. Secondly,
when the cold air of dry ice was used, the temperature drop is 1.1 to 1.3 ∘C compared
to the case of using the mist. Therefore, it can be shown that the cooling effect
is higher when the mist is used. Even in the subjective experience, we felt cooler
with the mist. Since the heat of water vaporization is as large as 2257 kJ/kg, it is
considered that the ultrasound beam has the effect of promoting vaporization and
effectively cools the skin surface.
On the other hand, there was also an undesired tendency for the temperature

change after the acoustic flow was stopped. When the cold air of dry ice was used,
there was a tendency of returning to the initial temperature immediately after stop-



5.2 Experiment 43

ping the flow. When the mist was used, there is a tendency to keep a low temper-
ature. It is considered that water droplets formed by the mist remain on the palm
and continue to take the heat from the skin surface. This is because it is necessary
to switch the proper thermal sensation as a haptics display. That is the issue in the
proposed method.

Fig. 5.8. Temperature change of the palm in the thermographic image at 𝑡 = 5, 20 s.
(Left)Using the mist. (Right)Using cold air of dry ice.

Fig. 5.9. Temperature change in the palm using the mist and cold air of dry ice.
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5.3 Conclusion
In this chapter, we proposed a method of transporting the mist to the user’s skin
surface using the acoustic flow generated by ultrasound beam. This method can
play a role in displaying cooling sensation by the heat of vaporization. We created a
prototype of the system and measured the temperature change in the user’s palm
exposed to mist. We also measured the case of using cold air of dry ice and com-
pared the cooling effect. As a result, it was shown that the cooling effect using the
mist was higher than that effect using cold air of dry ice. On the other hand, it was
also found that the temperature tends to be hard to return to the initial temperature
when the airflow is stopped.
In next chapter, we will improve the prototype to further enhance the cooling ef-

fect by the mist vaporization. In addition, since the position and the amount of mist
generation are fixed, it will be improved so that it can be controlled freely.
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Chapter 6

Remotely Displaying Cooling
Sensation Controlling Mist in
Midair

Chapter 5 described a method to display cooling sensation by transporting mist to
the user’s skin surface with ultrasound beam and cooling from the heat of vaporiza-
tion. A comparative experiment was performed as a cooling effect by the mist and
cold air of dry ice. It was shown that the cooling effect using the mist was higher. As
for the system of prototype, the position and the amount of mist generation were
fixed. In this chapter, we build a system that can control the position and the amount
of mist generation. Therefore, we reconstruct the system to enhance the cooling
effect in chapter 5. The ultrasound beam is also used for transporting the mist. Fig-
ure 6.1 shows the schematic image of prototype. The direction of mist emission is
determined by the position of the hose outlet. In this chapter, it is fixed at the posi-
tion where it is emitted from the center of AUPAs. In the experiment, we measure
the cooling effect of the system.

Fig. 6.1. System overview.
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6.1 Prototype
The overall schematic of the prototype is shown in figure 6.2, 6.3. This prototype is
composed of AUPAs driven at 40 kHz, a duct hose for emittingmist, and a water tank
(20L) for mist storage.

Fig. 6.2. Overall view.

Fig. 6.3. Mist generator.

A duct hose is located at the center of the phased arrays so that it faces the
same direction as the AUPAs surface. An ultrasound transducer for generatingmist,
whose resonant frequency is approximately 1.6 MHz (IM6-36D/S SEIKO GIKEN INC),
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is contained in the water tank. At the highest power, the transducer can produce
4000ml of water mist per hour. The particle diameter of the generated mist which
was measured by the company was 4〜5𝜇𝑚.

Fig. 6.4. The quantitative relationship between the mist-fan voltage and the amount
of mist emission.

The tank is connected to a DC fan (San Ace 60W SANYO DENKI CO) and the duct
hose. When the DC fan operates, air is blown into the inside of the tank and the
mist is emitted from the duct hose. The fan is connected to the stabilized power
source. The amount of mist emission can be controlled by adjusting the driving
voltage of the fan. Figure 6.4 shows the quantitative relationship between the mist-
fan voltage and the amount of mist emission. A part of the mist emitted from the
duct is transported by the airflow generated from AUPAs. Figure 6.5 shows that the
mist emitted from the duct is transported by ultrasound beam.

Fig. 6.5. (Left) The mist is being transported by ultrasound beam. (Right) AUPAs are
not working.
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6.2 Experiment
In this section, using the prototype described in the section 6.1, we report the cool-
ing effect of the prototype. Firstly, we adjusted the applied voltage of the stabilized
power source for driving the fan so that themist emitted from the duct floated in the
air near the AUPAs. The current and applied voltage are 0.01A and 15V respectively.
Next, the floatingmist is transported so that it hits the user’s palmby the ultrasound-
driven airflow. As a evaluation of the cooling effect, we measure how the surface of
the palm is cooled by the mist vaporization and the temperature changes.

Fig. 6.6. Schematic image of experimental setup and view from above.

6.2.1 Measuring Procedures

As shown in figure 6.6, themist emitted from the duct is transported inmidair by the
airflow generated from the ultrasound beam. Themist is applied to the user’s palm.
As shown in figure 6.7, we adjusted the ultrasound beam to hit the center of circle
on the palm. We captured the temperature change on the palmwith thermographic
camera (OPTOI450O 29T900) in a video format.
Wemeasured the temperature change for 90 s. We let 𝑡 s be the elapsed time from

the start of measurement. First, the mist is generated when 𝑡 = 5 s. Second, the
ultrasound beam is generated when 𝑡 = 10 s. For 50 s from the start of the airflow
generation, themist is being transported to user’s palm. When 𝑡 = 60 s, we switched
off the AUPAs for stopping the airflow. Finaly, the measurement ends when 𝑡 = 90 s.
Figure 6.7 shows the thermographic image and the area inside the circle is deter-

mined as measurement area. Wemeasured the minimum value of the temperature
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in that area. The diameter of the measurement area is approximately 5 cm.

Fig. 6.7. Target area on the palm shown in the thermographic image.

Fig. 6.8. Temporal change of the skin irradiated by themist and ultrasound beam. The
ultrasound beam generated at 10 s and stopped at 60 s.
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Fig. 6.9. Temperature change in the palm.

6.2.2 Experimental Results

Figure 6.8 shows the temperature change when the mist vaporization cools the
user’s palm from the measuring procedures 6.2.1. The ultrasound beam gener-
ated at 10 s and stopped at 60 s. It was observed that the mist was converged by
the ultrasound-driven airflow, and the cold spot was formed at the position irradi-
ated on the user’s palm. In addition, the diameter of the cold spot was gradually
increasing. However, we did not feel the spatial spread of the cooling sensation
subjectively.
Figure 6.9 shows the minimum value of temperature against time in the target

area shown in figure 6.7. The temperature decreased at a rate of 0.7 ∘C/s 3 s after
the ultrasound-driven airflow was generated. In addition, it decreased by 4.8〜5.4 ∘C
in 50 s. It is shown that this result of the cooling effect is higher than in chapter 5. This
is considered to be because the prototype in this chapter can control the amount of
mist generation. The system in chapter 5 had the following problems. The amount
of mist is fixed and cannot be adjusted. Since water drops with large particle sizes
are generated at the position where the mist is generated and the ultrasound beam
is directly irradiated, some water drops may be transported and adhered to. Thus,
it includes the feeling of getting wet, which is suggested that the cooling effect of
displaying cold sensation is insufficient. It means that the system displays cooling
and wet sensations at the same time. This is because this research simply focuses
on displaying cooling sensation only. Furthermore, it was seen that water drops
caused to keep the low temperature. There was no tendency to return to the initial
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temperature after the airflowwas stopped. As a result, it was shown that the cooling
effect depended on the proper amount of the mist.

6.3 Conclusion
In this chapter, we reconstructed a prototype that enhances the cooling effect in
chapter 5. We proposed a system that can control the amount of mist generation.
We fabricated a prototype of the system and measured the temperature change of
the user’s palm. As a result, we confirmed that the cooling effect depended on the
proper amount of the mist.
In next chapter, we will measure the quantitative relationship between the

amount of mist generation and the distance of displaying position. In addition, we
will investigate the cooling effect in the direction of mist emission.
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Chapter 7

Displaying Spatiotemporally
Pinpoint Cooling Sensation

In chapter 5 and 6, we proposed a method of displaying the cooling sensation by
transporting the mist with ultrasound-driven airflow. In chapter 5, it was found that
the user’s skin surface could be effectively cooled bymist vaporization in ultrasound
beam. In chapter 6, improvements to the prototype havemade it possible to release
the proper amount of mist without water droplets.

Fig. 7.1. System overview in this chapter. The water mist converged by focused ultra-
sound can be rapidly vaporized and display cooling sensation.

In this chapter, we propose a remote cooling method that converges the mist
floating near the user’s skin using focused ultrasound, and then instantaneously
vaporizes mist to display a cooling sensation by the heat of vaporization. The key
in this chapter is to utilize the focused ultrasound instead of the ultrasound beam
used in chapter 5 and 6. The ultrasound beamwas mainly used for transporting the
mist. The prototype in chapter 6 can generate the mist at any position by changing
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the position of the duct. Thus, by filling the workspace near the user’s skin surface
with mist, an irradiated focused ultrasound can produce a cold spot without a long-
distance mist transportation.
The method in this chapter has three advantages. Firstly, since we use water

at room temperature, it has no restrictions on the range of applications and is
of great versatility. Secondly, due to the characteristics of ultrasound phased
array as described in section 3.3, focused ultrasound is generated in arbitrary
three-dimensional positions, and the mist is instantaneously vaporized. Therefore,
the spatiotemporal resolution of displaying a cooling sensation is high. Finally, it is
possible to display a cooling sensation with a complicated spatiotemporal pattern
such as a cold spot moving on the skin surface.
In the experiment, wemeasure the spatiotemporal property of themethod in this

chapter and clarify the conditions for effectively cooling the skin surface. We also
demonstrate that motion of a cold spot is displayed when the focused ultrasound
moves on the skin surface.

7.1 Experimental Setup
The prototype used in the experiment is the same as that used in chapter 6 (Fig. 6.2
and 6.3). It is detailed in section 6.1. When a cold spot can be produced by the irradi-
ated focused ultrasound without a long-distance mist transportation, the direction
of mist emission should be changed as shown in the figure 7.2.
In the experiment, as subjective perceptions of the authors, we did not feel cooling

sensation by merely touching the floating mist in the air. However, we could clearly
perceive our skin surface being cooled when focused ultrasound irradiation was su-
perimposed on skin. In Experiment 1, we evaluate and clarify this phenomenon.

Fig. 7.2. System overview in this chapter and view from above.
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7.2 Experiment 1
In this section, using the fabricated prototype, we performed a comparative exper-
iment about the cooling effect of displaying cooling sensation using three cases:
irradiation of focused ultrasound, exposure to mist, and simultaneous combination
of them. The palm used in the experiment was the author (male, 27 years old). This
palm was also used in another experiments. For the experimental environment, the
room temperature and humidity were 25 ∘C and 60 %, respectively.

7.2.1 Measuring procedures

Fig. 7.3. Target parts on Measuring Area in the thermographic image.

For each of the three cases of using focused ultrasound, mist, or both of them, we
place our hand 50 cm away from the AUPAs surface as shown in figure 7.2(a). At this
time, we adjusted the position of displaying cooling sensation to match the center
of the palm so that the plane of the user’s palm and the phased array are parallel to
each other.
We evaluated the cooling effect in the three cases by the temperature change on

the skin surface after irradiation. We captured the entire palm cooled by the system
with a thermographic camera (OPTOI450O 29T900, Optris) in a video format. We
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determined themeasurement area (50mm ≤ X≤ 65mm, 64mm ≤ Y≤ 88mm) as shown
in figure 7.3, when measuring. The area is the position where the mist is converged
and cooled by the focused ultrasound.
For measurement with thermographic camera, the captured data is saved as bi-

nary data and converted to csv data. We performed sophisticated measurement
using numerical analysis software (MATLAB R2019b). In chapter 5 and 6, measure-
ment was performed by only manipulating thermographic camera.

7.2.2 Result 1

Fig. 7.4. Temperature change in the cases of using focused ultrasound, mist, or both
of them.

Figure 7.4 shows the temperature changes for three cases and each of the plots
shows the minimum value of temperature in the measurement area at each time.
We defined the time origin for each of the three cases as follows.
In the Mist condition, the origin is the moment when the air blowing fan is turned

on and the mist is sent out into the space when there is no mist in the space. In the
Focus condition, the origin is themomentwhen the focused ultrasound is turned on.
When the sound velocity is assumed to be 340m/s, the time required to propagate
a distance of 50 cm is approximately 1.5ms, which is sufficiently short compared to
sampling interval of the temperature change. In the Focus+Mist condition, the ori-
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gin is the moment when the focused ultrasound is turned on while the workspace
is filled with mist.
It was found that the temperature rapidly decreasedwhen the focused ultrasound

was displayed on the skin surface exposed to the mist. For that case we observed
surface temperature drop by nearly 2 ∘C in 0.5 s and 3 ∘C in 1 s. This result demon-
strated that the cooling sensation with our system is indeed caused by physical cool-
ing effects.

7.3 Experiment 2
In this section, wemeasured the temperature changes on the skin surface to obtain
the relationship between the amount of ejected mist and the position of focused
ultrasound using a system similar to Experiment 7.2. The purpose of this experi-
ment was to clarify the valid spatial range of the proposed system. The amount of
mist emission was controlled by the applied voltage to the fan supplied with a sta-
bilized power source. By measuring the temperature change varying the mist-fan
voltages, we indicated the quantitative relationship among the temperature drop
on the skin surface, the amount of mist, and the skin position from the device. For
the experimental environment, the room temperature and humidity were 25 ∘C and
60 %, respectively.
We also performed another measurement of the temperature changes in the

cases of (a), (b), and (c) in figure 7.2. We evaluated the cooling effect of the discharge
direction of the mist under a constant mist flow.

7.3.1 Measuring procedures

In eachmeasurement, we first placed the palm on a hot plate (NHP-M30N) heated to
36 ∘C for 60 s. After that heating process, wemeasured surface temperature distribu-
tion of the palmwith a thermographic camerawhile cooling sensationwas displayed
by focused ultrasound as we performed in Experiment 1 ( 7.2).
First, we investigated five cases where the distances between the palm and the

AUPAs were 35, 40, 45, 50, 55, 60, 65, 70, 75 and 80 cm. We evaluated the temperature
drop changing the mist-fan voltage across 9, 11, 13, 15, and 17V. The temperature-
drop is defined as the temperature change from the initial time of cooling process
to 1 s later.
Next, the same measurement was performed by changing the mist directions in

the three directions in figure 7.2. The position of the focused ultrasound was 50 cm
from the AUPAs surface. The mist-fan voltage was 13V.
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Fig. 7.5. Temperature drops versus the distance from the AUPAs surface.

7.3.2 Result 2

Figure 7.5 shows the temperature drop at eachmist-fan voltage against the distance
from the AUPAS surface and the amount ofmist emission. The amount ofmist emis-
sion depends on the mist-fan voltage as shown in figure 6.4. In cases of distances
between 35 and 50 cm, the difference in temperature drop was less than 1 ∘C regard-
less of the mist-fan voltage conditions. In contrast, for distances between 55 and
65 cm, a larger variance was observed. At distances greater than 70 cm, the temper-
ature drop was less than 1 ∘C. Based on the results of the temperature drop, the
feasible distance was found to be 45 to 50 cm. Up to that distance, the performance
of the cooling effect was stable regardless of themist generation as far as the tested
voltage was concerned.
Figure 7.6 shows the temperature change with respect to the direction of mist

emission. In cases (a), (b), and (c), the temperature change increases in this order,
which is presumably due to the difference in the amount of mist supplied.
Therefore, we conclude that the proposed system requires a certain amount of

mist supplied to the position of the focused ultrasound in order to display stable
cooling sensation. In addition, the delay of displaying cooling sensation is not re-
lated to the distance to the system provided that the mist is sufficiently supplied.
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Fig. 7.6. Temperature change when the direction of mist emission was changed as in
figure 7.2 (a), (b), and (c).

7.4 Experiment 3
In this section, we measured the spatiotemporal temperature distribution on the
palm for a long term using a thermographic camera with a still ultrasound-driven
cold spot on the palm.
We offer two types of measurement results: temporal temperature changes in

the spot region and horizontal temperature distributions with a cross-sectional axis
that passed the spot center. We also performed ameasurement where the cold spot
travelled on the palm. For the experimental environment, the room temperature
and humidity were 24 ∘C and 55 %, respectively.

7.4.1 Measuring procedures

We set the position of focused ultrasound at 50 cm away from the surface of the
phased array as in Experiment 1 (7.2). Also, similar to the former experiments, we
placed the palm so that the focused ultrasound hit the center of the palm as shown
in figure 7.2 (a). Then, we captured the video image of palm while it was cooled by
the mist vaporization.
The measuring time was 20 s. We started irradiation of focused ultrasound at 5 s

after the measurement began. Irradiation continued for 10 s and ceased in the last
5 s. We defined themeasurement area here in after as a rectangular region that con-
tained themoving cooling spot as seen in figure 7.3. Figure 7.7 shows themeasuring
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axis (Y = 73mm) that represents a specified position for cross-sectionalmeasurement
of the temperature distribution on the palm.

Fig. 7.7. Target parts on Measuring Axis in the thermographic image.

Fig. 7.8. The start point of the cold spot, circular trajectory and motion direction are
shown in the thermographic image.
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Next, the focused ultrasound repetitively travelled counterclockwise on a circle
whose radius is 2 cm with a rotation period of 5 s. The start position, the rotational
position, and the rotational direction are as indicated in figure 7.8. We shot a video
where the ultrasound focus travelled during the single period.

7.4.2 Result 3

Figure 7.9 and 7.10 show the long-term temperature change for a still cooling spot.
Figure 7.11 shows theminimum value of temperature against time in theMeasuring
Area. It is clearly indicated that the irradiation of focused ultrasound yielded a cold
spot causing rapid temperature drop within 1 s. After that, the temperature drop
reached 3.3 ∘C in 500ms and 4.6 ∘C in 1000ms. The temperature was continuously
lowered while focused ultrasound was being irradiated. After irradiation for 10 sec-
onds, the temperature finally dropped by 7.8 ∘C. It is observed that the temperature
of the skin started to increase after ultrasound irradiation stopped.
Figure 7.12 shows the cross-sectional temperature distribution on the Measuring

Axis in figure 7.7. The temporal changes of the temperature pattern are plotted
during 𝑡 = 5 to 15 s. The size of cold spot was kept at about 2 cm, while the peripheral
semi-cold area was gradually formed around the cold spot.
Figure 7.13 shows sequential images when the cold spot moved for one period

on the circular path. A circular trace on the palm is clearly observed, which demon-
strates a continuous movement of a cooled spot on the palm.

Fig. 7.9. Temporal change of the skin cooled by converged mist. The focused ultra-
sound was generated at 5 s and was stopped at 15 s.
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Fig. 7.10. Temperature change of the skin cooled by converged mist at 0.2 s intervals
between 5 s and 6 s.

Fig. 7.11. Temperature change by the focused ultrasound.
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Fig. 7.12. Temperature distribution along Measuring Axis.

Fig. 7.13. Temporal change on the skin while cold spot rotates one round. The move-
ment of cold spot started at 0 s. At 5 s, cold spot reached one lap.
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7.5 Discussions
7.5.1 Experiment 1

This result of figure 7.4 showed that the rapid cooling effect was achieved only when
the ultrasound was irradiated in the presence of mist.
In the previous study [30], the steepest temperature drop was 0.5 ∘C/s when cold

air of dry ice was transported by ultrasound beam and hit the skin surface. In con-
trast, the temperature drop in figure 7.4 was 3.0 ∘C/s. It suggests that this is a faster
phenomenon than the heat conduction caused by the contact of a cold medium to
the skin surface. Rapid cooling in figure 7.4 is thought to be achieved by the vapor-
ization heat of the mist.
In chapter 6, the steepest temperature drop was 1.3 ∘C/s when using a ultrasound

beam and the water mist. Since themist itself was not cooled, it was also likely to be
caused by the vaporization heat. However, the rate of decrease in temperature was
higher in the result of figure 7.4 than in the one of chapter 6. We consider that this is
because the ultrasound energy given per unit area is higher when the ultrasound is
focused. In addition, it is considered that the watermist evaporated before reaching
the skin surface while the mist was transported by the ultrasound beam.

7.5.2 Experiment 2

From the result of figure 7.5, the cooling effect decreaseswhen the distance is longer
than 50 cm. It is considered that the intensity of the ultrasound and the amount of
mist supply can decrease depending on the distance.
When the distance between AUPAs surface and the user’s skin surface is within

50 cm, the amount of mist supply did not affect the cooling effect. On the other
hand, even if the distance between the hand and the AUPAs surface was constant,
the cooling effect was found to vary depending on how themist was supplied. This is
because if the palm is located in a position that obstructs the conveyance of themist
airflow, the reflection of the airflow may reduce the mist delivered to the surface of
the hand. Hence, the cooling effect was highest when themist was supplied parallel
to the orientation of the palm.

7.5.3 Experiment 3

From the figures 7.9, 7.10, and 7.12, the area cooled by mist vaporization is as small
as 2 cm. From the figure 7.11, the temperature drop was 3.3 ∘C at 500ms and 4.6 ∘C at
1000ms. It is known that the spatial resolution of the cooling sensation ismuch lower
compared with the vibrotactile and pressure sensation. In addition, the cooling re-
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sponse time takes more than 500ms [51][52]. Therefore, the smaller cold spots and
rapid temperature drop are sufficient to display various thermal sensation, such as
material sensations with different thermal conductivity.
As shown in figures 7.9, 7.10, and 7.12, the size of the cold spot gradually in-

creases. However, although this is a subjective report by the authors, the spatial
spread of the cold sensation was not felt. In addition, as for the movement of cold
spot on the palm, in spite of the low spatial resolution of thermal sensation the au-
thors could feel themotion of cooling sensation subjectively. The purpose of this pa-
per is to clarify the basic physical properties of the proposed methods, and thus we
have not conducted subjective experiments, however, we believe that it is necessary
to investigate how such rapid changes of non-contact cold stimuli are subjectively
perceived by subjects as a future work.

7.5.4 Confirmation of measurement error

In this subsection, we check themeasurement error with thermographic camera. In
the Experiment 1, 2 and 3, there are three data performed under the same condi-
tions: the case of the Focus+Mist condition in figure 7.4, the case (a) in figure 7.6, and
in figure 7.11. These data have a maximum difference of 2.1 ∘C/s. It is considered
that the difference is within the inevitable fluctuation of the system. The tempera-
ture and humidity slightly varied within 1 ∘C and 5 %, respectively. We consider that
it does not seem to cause the difference in cooling performance depending on the
system.
The concern for temperature measurement with a thermographic camera is the

influence by the mist image. The white water mist is visible on the thermographic
image. It is possible to influence the temperature estimation of the skin surface by
the thermographic camera. In order to confirm the measurement error, the palm
surface temperature was measured with the mist flow in front of the palm surface
while applying the focused ultrasound to the palm surface. The focused ultrasound
cooled themist but did not irradiate the palm surface. That is, we created a situation
where the cooling mist was flowing in front of the palm surface, but the tempera-
ture of the palm was clearly constant. Figure 7.14 shows the temperature change
measured by the thermographic camera in that situation. In this case, the differ-
ence in temperature change was less than 1.5 ∘C during irradiation of focused ultra-
sound. The temperature decrease was not observed during the measurement. This
indicates that the mist image does not significantly affect the measurement with a
thermographic camera.
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Fig. 7.14. Temperature change on the palm when the focused ultrasound is applied
to the mist from the side.

7.6 Conclusion
In this chapter, we proposed a method of remotely displaying cooling sensation,
where the mist is instantly vaporized in a spot area on the user’s skin surface by
the focused ultrasound. We used the same prototype as in chapter 6. Whereas the
ultrasound beam was used in chapter 6, the focused ultrasound was used in this
chapter. These can be generated on the same AUPAs, as mentioned in chapter 3.
Using the prototype system, we examined the basic properties in displaying a cool-
ing sensation.
First, we confirmed that cooling effect was achieved by combining the mist with

the irradiation of the focused ultrasound. Next, it was found that a certain amount
of mist supply was required depending on the position of the focused ultrasound.
We also found that the cooling performance depended on the distance between the
AUPAs surface and the target skin surface. Then, we confirmed that the emittedmist
was transported to the skin surface in mid-air with the generation of focused ultra-
sound, and the converged mist was instantly vaporized and cooled. In addition, by
continuously shifting the position of the focused ultrasound along the path of travel,
we succeeded in creating a cooling spot that moves on the skin surface in real time.
Therefore, we have validated that the system in this chapter can display a pinpoint
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remote cooling sensation. It is of particular interest that the cooling effect demon-
strated by the system can coexist with conventional ultrasound-driven vibrotactile
stimuli.
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Chapter 8

Performance Evaluation as
Thermal Display

Chapters 5, 6 and 7 proposed an approach to display cooling sensation in the air.
They were evaluated by the temperature change when displayed on the user’s skin.
As a result, it was found that themethod proposed in chapter 7 had a high tempera-
ture change. In this chapter, we verified whether the proposed system in chapter 7
has enough performance to display contact with an object. As an example of metal,
we examine the situation when it comes into contact with iron and estimate the heat
flux at the time of contacting. We also estimated the heat flux when cooled by the
proposed system. By comparing these heat fluxes, we evaluated the reproducibility
of the object temperature.
First, we describe a method for analyzing heat flux at the time of contact with an

object. Next, we describe a method for estimating the heat flux when cooled by the
system. In addition, we estimate the heat flux when cooled to an object as well as
the skin surface.

8.1 Heat Transfer When Contacting an Object
This section describes how to analyze heat transfer phenomena related to contact
with object. Physical quantities that indicate the difference in thermal sensation
include the temperature of the contact surface and heat flux. This is expressed as
an index of thermal sensation at the time of contact by theoretically analyzing heat
transfer to wood and metal.
First, we consider an object that has no internal heat source and is not station-

ary. 𝑇 [K], 𝑞 [W/m2], 𝜌 [g/cm3], 𝑐 [J/(gK)] and 𝜆 [W/(mK)] denote the temperature,
the heat flux, the density of the object, the specific heat, and the heat conductivity,
respectively. The index 𝑆, 𝑀 , 𝑐𝑠 𝑆0 and 𝑀0 denote the skin, the object, the contact
surface, the initial skin and the initial object, respectively. In addition, it is assumed
that 𝑇S > 𝑇𝑐𝑠 > 𝑇M.
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The basic formula of the temperature 𝑇 [K] at the time 𝑡 [s] and the position 𝑥(> 0)
[m] can be given as follows.

𝜕2𝑇S(𝑡, 𝑥)
𝜕𝑥2 = 𝑐S𝜌S

𝜆S

𝜕𝑇S(𝑡, 𝑥)
𝜕𝑡 (8.1)

𝜕2𝑇M(𝑡, 𝑥)
𝜕𝑥2 = 𝑐M𝜌M

𝜆M

𝜕𝑇M(𝑡, 𝑥)
𝜕𝑡 (8.2)

• Initial condition (at 𝑡 = 0):

𝑇S(0, 𝑥) = 𝑇S0 , 𝑇M(0, 𝑥) = 𝑇M0
(8.3)

• Boundary condition (at 𝑥 = 0):

𝑇S(𝑡, 0) = 𝑇M(𝑡, 0) = 𝑇cs(𝑡) (8.4)

𝜆𝑆
𝜕𝑇S
𝜕𝑥 = −𝜆𝑀

𝜕𝑇M
𝜕𝑥 (8.5)

These solutions are as follows.

𝑇S(𝑡, 𝑥) = 𝑇cs + (𝑇S0 − 𝑇cs) erf( 𝑥
2√𝛼𝑆𝑡) (8.6)

𝑇M(𝑡, 𝑥) = 𝑇cs + (𝑇M0
− 𝑇cs) erf( 𝑥

2√𝛼𝑀𝑡) (8.7)

𝛼 = 𝜆
𝑐𝜌 (8.8)

Gauss’s error function is as follows.

erf(𝑥) = 2√𝜋 ∫
𝑥

0
𝑒−𝑡2 d𝑡 (8.9)

The heat flux is given by

𝑞 = −𝜆 (𝜕𝑇
𝜕𝑥 ) . (8.10)

By substituting these solution (8.6 and 8.7), the following relationship can be ob-
tained.

𝑇𝑐𝑠 =
𝑇S0 − 𝑇M0

1 + 𝜇𝑀/𝜇𝑆
+ 𝑇M0

(8.11)
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𝑞𝑐𝑠(𝑡) = 𝜇𝑀√
𝜋𝑡

𝑇S0 − 𝑇M0

1 + 𝜇𝑀/𝜇𝑆
(8.12)

The thermal effusivity is as follows.

𝜇 = √𝜆𝑐𝜌 (8.13)

Therefore, by using equations (8.11) and (8.12), the temperature and heat flux at
the time of contact with the object are calculated.

8.2 Measurement of Heat Flux by Proposed System
This section describes how to measure heat flux when the skin surface is cooled by
the method proposed in chapter 7. Section 8.1 assumed the case of contact with an
object. In this section, it is assumed that the surface of a flat object is cooled. Its
object also does not have a heat source inside. By considering the heat flux due to
the heat conduction of the object, we estimate the amount of heat absorbed when
cooled by the system.

8.2.1 Temperature distribution and heat flux in the flat plate

Fig. 8.1. Temperature distribution and heat transfer in the flat plate.

We consider a flat plate with a thickness of 𝐿 [m] as shown in figure 8.1. The surface
temperature on one side of the plate is 𝑇0 [K], the surface temperature on the other
side is 𝑇1 [K], and the thermal conductivity 𝜆 of the plate is constant. Here, we would
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like to get the information of the temperature distribution inside the plate and the
heat flux passing through the plate.
Assuming a steady state, the heat flux 𝑞 is constant, so the following equation is

obtained.

d𝑇
d𝑥 = − 𝑞

𝜆(= 𝑐𝑜𝑛𝑠𝑡.) (8.14)

• Boundary condition:

𝑥 = 0 ∶ 𝑇 = 𝑇0
𝑥 = 𝐿 ∶ 𝑇 = 𝑇1

} (8.15)

Integrating equation (8.14) gives

𝑇 = 𝐶1𝑥 + 𝐶2. (8.16)

𝐶1 and 𝐶2 are constants of integration. These are obtained from boundary condi-
tion (8.15), and the temperature 𝑇 is given by

𝑇 = 𝑇0 − (𝑇0 − 𝑇1)
𝐿 𝑥. (8.17)

Therefore, the internal temperature distribution is a straight line as shown in fig-
ure 8.1, and the heat flux on the plate vertical to the 𝑥-axis is given by

𝑞 = −𝜆 (𝜕𝑇
𝜕𝑥 ) = 𝑇0 − 𝑇1

𝐿/𝜆 . (8.18)

As shown in figure 8.2, the heat flux 𝑞′ when the plate on one side is cooled by the
mist and drops to the temperature 𝑇2 [K] (𝑇2 < 𝑇1) is given by

𝑞′ = 𝑇0 − 𝑇2
𝐿/𝜆 . (8.19)

From (8.18) and (8.19), the heat flux during cooling by the system is as follows.

𝛥𝑞 = 𝑞′ − 𝑞 = 𝑇1 − 𝑇2
𝐿/𝜆 (8.20)

Let 𝛥𝑇 = 𝑇1 − 𝑇2 be the temperature difference while cooled by the mist, and
(8.20) is given by
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𝛥𝑞 = 𝜆
𝐿𝛥𝑇 . (8.21)

This is used to estimate the heat flux when the skin surface is cooled by the system
in chapter 7.

Fig. 8.2. Temperature distribution and heat transfer in the flat plate when cooled by
the system.

8.2.2 Time constant in temperature change of an object

The previous subsection described the theoretical method of heat flux. In this sub-
section, wedescribed the calculation of the time constant in the temperature change
while cooled by the system. The time constant is an indispensable factor for estimat-
ing the speed of change until the temperature change becomes a steady state.
As shown in figure 8.1, we consider an object which have a thickness𝐿 [m], a cross-

sectional area 𝐴 [m2], a thermal conductivity 𝜆 [W/(mK)], a mass 𝑚 [g], a density 𝜌
[kg/m3], and a specific heat 𝑐 [J/(gK)].
Thermal resistance 𝑅 and heat capacity 𝐶 are expressed by

𝑅 = 𝐿
𝜆𝐴 (8.22)

𝐶 = 𝑚𝑐. (8.23)

Thus, the time constant is expressed by

𝑡𝑐 = 𝑅𝐶 = 𝑚𝑐𝐿
𝜆𝐴 . (8.24)

Using the time constant 𝑡𝑐, the temperature 𝑇 (𝑡) of the object at time 𝑡 is given by
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𝑇 (𝑡) − 𝑇𝑖𝑛𝑖
𝑇∞ − 𝑇𝑖𝑛𝑖

= 1 − 𝑒𝑥𝑝 (− 𝑡
𝑡𝑐

) (8.25)

where 𝑇𝑖𝑛𝑖 and 𝑇∞ denote the initial and steady temperature. here, it is assumed
that the temperature inside the object is uniform.

Fig. 8.3. The graph representing (8.25).

8.3 Performance Evaluation as Thermal Display
This section discusses the reproducibility of the method in chapter 7 when we touch
an object. Here, assuming that we touch the metal such as iron, the evaluation is
performed using the heat flux calculation method described in section 8.1 and 8.2.
Then, the average temperature of the skin surface is assumed to be 33 ∘C.
For example, we consider when touching the iron at 25 ∘C for 10 seconds. Ac-

cording to the method in section 8.1, 𝑇𝑆 = 306, 𝑇𝑀 = 298, 𝜇𝑆 = 1334.88, and
𝜇𝑀 = 15591.05. Thus, the temperature of the contact surface is 𝑇𝑐𝑠 = 25.63 and
the heat flux is 𝑞𝑐𝑠 = 1753.99.
On the other hand, in the result 7.11 in chapter 7, the endothermic heat flux is

𝛥𝑞 = 1755 based on section 8.2. This indicates that it is the same situation as touch-
ing the iron at 25 ∘C for 10 seconds. In addition, the heat flux when touching the iron
at 15 ∘C for 50 seconds is 𝑞𝑐𝑠 = 1766.90. Evaluating only by the heat flux, the situation
is the same as the result 7.11.
The physical property values used to estimate each heat flux are shown in fig-

ure 8.4. This is because the thickness of the dermis is 2 × 10−3, while the thickness
of the epidermis is 80 × 10−6, which is much smaller. It is also because thermal re-
ceptors are located in the dermis.



8.4 Cooling Effect on Artificial Objects 73

Fig. 8.4. Physical properties used to calculate heat flux [84][86]

8.4 Cooling Effect on Artificial Objects
In this section, heat flux was measured when cooled to artificial objects other than
the skin surface. The purpose of thismeasurement is to compare the heat flux when
the object is cooled in order to display the material sensation by the proposed sys-
tem. This makes it possible to estimate the heat flux required to display thermal
sensation of the object. The objects used in the experiment are acrylic, paper, and
natural rubber.
First, the time constant is estimated using the calculation method (8.24) based

on the physical properties of each object. Next, we measured the heat flux when
each object was cooled for a time sufficiently longer than the time constant. We
also evaluated the mist supply dependence when targeting objects as well as the
skin surface.

Fig. 8.5. Thermal physical properties, size, and time constant used in the measure-
ment.
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8.4.1 Measuring procedures

With the same setup as (a) in figure 7.2, we measure the temperature change when
each object is cooled for 50 seconds by the system in chapter 7. Each measurement
is performed after heating the object on a hot plate for 5 minutes in advance. The
preset temperature of the hot plate is 34 ∘C.
The physical characteristics, size, and time constant of the objects to bemeasured

are shown in figure 8.5. The measurement setup is shown in figure 8.6. The object
is surrounded by foamed styrol without any gaps so that one side is in contact with
the hot plate. It is contacted by applying grease between the object and the hot
plate. In addition, by contacting with the hot plate, the temperature on one side is
kept constant.

Fig. 8.6. Experimental setup.

8.4.2 Result

Figure 8.7 shows the temperature change and heat flux while each object is cooled.
The mist-fan based on (6.4) voltage is set to 13 [V] for the amount of mist generated
by the system. 𝑞𝑎𝑐𝑟𝑦𝑙𝑖𝑐, 𝑞𝑝𝑎𝑝𝑒𝑟, and 𝑞𝑟𝑢𝑏𝑏𝑒𝑟 denote the heat fluxes of acrylic, paper,
and natural rubber, respectively. Each heat flux is 𝑞𝑎𝑐𝑟𝑦𝑙𝑖𝑐 = 787.5, 𝑞𝑝𝑎𝑝𝑒𝑟 = 1176,
and 𝑞𝑟𝑢𝑏𝑏𝑒𝑟 = 723.6, respectively. Therefore, some heat fluxes required for an object
which has no heat source inside could be estimated, and we obtained the informa-
tion of heat flow required for displaying the material sensation of some objects.
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Figure 8.8 shows the rate of temperature change immediately after cooling with
respect to the mist-fan voltage of each object. For values of skin surface, result 7.5
was applied. From this result, it was found that the temperature change of the object
also does not depend on the supply of mist.

Fig. 8.7. Temperature change and heat flux of each object.
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Fig. 8.8. Temperature drops versus the mist-fan voltage.

8.5 Conclusion
In this chapter, we described the method of evaluating the performance of the pro-
posed system in chapter 7 as a thermal display.
First, we described the theoreticalmeasurementmethod of temperature and heat

flux when in contact with an object. Next, the method of estimating the heat flux
absorbed by the cooling of the systemwas described. In addition, the time constant
of temperature change required for cooling to an artificial object was explained.
Based on the measurement method of each heat flux, we evaluate that cooling

by proposed system has the performance to reproduce contact with an object. As
a result, it was found that cooling by the system for 10 seconds was equivalent to
touching iron at 25 ∘C for 10 seconds.
Finally, we measured the heat flux when cooled to objects other than the skin

surface. It was also confirmed whether the temperature change depends on the
amount of mist supply. From these result, we obtained the information on the heat
flux required for displaying the thermal sensation of the object, and it was found
that it did not depend on the amount of mist supply. The rest work is the control of
heat flux.
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Chapter 9

Interactive Fog Display with
Feedback of Cooling Sensation
by Focused Ultrasound

In this chapter, we present application system using the method in chapter 7. The
mist was used as a coolant, but it is used for fog display in this chapter. Fog display
is one of the spatial projection technologies that use the semi-transparence of mist.
We propose a system that can provide cooling feedback to the fog display. This is
achieved by irradiating a local area on the fog display with focused ultrasound gen-
erated from the AUPAs, which cool that area using instantaneous mist vaporization.
We construct a prototype and performed a demonstration of cooling feedback.

Fig. 9.1. Example of interactive fogdisplaywith cooling sensation feedback by focused
ultrasound.
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9.1 Background
With the spread of 3D displays and HMDs, there has been increasing interest in sys-
tems that interact with aerial images and tactile stimulation. A system that operates
a virtual object on an aerial image in the same way as a real object has the potential
to improve operational performance such as remote operation of medical surgery,
simulation of car driving, and telexistence.
In such a system, one example is a method in which an aerial image and a tactile

interaction are performed by using ultrasound. For example, HaptoMime [8] and
HaptoClone [9] were proposed. The former is a system operated by touching a dis-
play imaged in the air using amicromirror array. The latter is a system that interacts
with an aerial mage generated using twomicromirror arrays. In thesemethods, the
positions of the hands and fingers are sensed, and focused ultrasound is generated
at the positions which contact with the aerial image. As a result, we have succeeded
in displaying only mechanical tactile sensation.
In chapter 7, the mist floating on the user’s skin surface was instantaneously va-

porized in a local area on the skin, and the heat of vaporization showed the pos-
sibility of displaying cooling sensation. In this chapter, remotely displaying cooling
sensation and fog display are utilized simultaneously by using watermist. A focused
ultrasound is applied to the aerial image displayed on the fog screen using AUPAs.
When a user touches this aerial image, the heat vaporization of water mist realizes
an interaction with a cooling sensation (Fig. 9.1).

Fig. 9.2. System overview of interactive fog display.
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9.2 Prototype 1
Figure 9.2 shows overview of prototype system. It consists of AUPAs, a fog display,
projector, and mist generator.

‧Mist Generator and Fog Display
The mist generator is the same as that we used in chapter 6 and 7. It is a supply
source for use as a fog display. Figure 9.3 shows a prototype of fog display. There is
a duct hose connected to the mist generator on the side of the box, and the mist is
emitted by the fan at the top. There are 4 fans in the upper of the box, and 189 pipes
(Diameter: Approximately 6mm, Length: Approximately 170mm) are arranged in the
lower. The mist released from the duct hose is stored in the box. The downward
flow by the fan causes the mist to be released as a flat layer through the pipes. It is
used as a fog display by projecting an image onto a mist that flows in layers with a
projector.

Fig. 9.3. Prototype system of fog display. The part surrounded by the red square
shows the box for storing the mist emitted from the mist generator and dis-
charging it with the upper 4 fans.

‧Feedback of Cooling Sensation by Focused Ultrasound
We use the method described in chapter 7 to display cooling sensation on the fog
screen. The position was set so that the focused ultrasound was irradiated on the
fog screen. The heat vaporization of the mist causes interaction with the cooling
sensation.
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9.3 Experiment 1
Using the prototype 9.2, we measured the temperature change when focused ul-
trasound was applied to the palm exposed to the mist of the fog display. We also
observed the image projected on the fog screen by a projector.

Fig. 9.4. Experimental setup.

9.3.1 Measuring procedures 1

As shown in figure 9.4, the distance between the AUPAs and the fog screen is 50 cm.
We place our palm on the table and adjust the position of the palm so that it is
directly below the fog display.
When the focused ultrasound was irradiated, the temperature change is mea-

sured in a video format with a thermographic camera (OPTOI450O 29T900, Op-
tris). We determined the measurement area (61.4mm ≤ X ≤ 76.8mm, 84.6mm ≤ Y
≤ 100.0mm) as shown in figure 9.5. The center of the Measuring Area corresponds
to the position where the focused ultrasound is irradiated. The measurement with
the thermography camera is started at the same time as the irradiation is started.
The measurement time is 10 s.

9.3.2 Result 1

Figure 9.6 shows images at the start (0 s) and the end (10 s) of irradiation. From this
result, it can be seen that the temperature drops at the irradiatedposition. Figure 9.7
shows the temperature change during irradiation, which indicates the change in
the minimum temperature in the determined measurement area. The temperature
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decreased at a rate of 0.1 ∘C/s after irradiation. In addition, The temperature of the
skin surface decreased by 2 ∘C in 10 s.

Fig. 9.5. Target parts on Measuring Area in the thermographic image. The Measuring
Area can be determined in the same way as the method when measuring
with a camera in chapter 7.

Fig. 9.6. Temperature change of the palm when measuring with a thermographic
camera.
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Fig. 9.7. Temperature change from the focused ultrasound on the fog screen.

Fig. 9.8. Two kinds of images are projected on the fog screen.
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9.3.3 Image Projection on Fog Screen

In this subsection, we investigated the performance of video display by the proto-
type of fog display. For that purpose, we prepared two kinds of images and pro-
jected them with a projector. As shown in figure 9.8, we projected images on the
fog screen using mist and confirmed that it was visible. However, since the fog has
not been stably trapped on a single thin screen, the image is projected so that the
image is blurred around the fog screen. Therefore, it was confirmed that the proto-
type system has a function as a fog display.

9.4 Summary 1
We fabricated a prototype and evaluated the cooling effect of the system. We mea-
sured the temperature change to evaluate the cooling effect when focused ultra-
sound was applied to the palm on the fog display. It was confirmed that the tem-
perature at the irradiated position decreased and the image projected on the fog
display was visualized.
In next section, we propose a more sophisticated version of a interactive fog dis-

play with feedback of cooling sensation. As shown in figure 9.9, we add a system
that detects the position on the screen where user touches and irradiates a focused
ultrasound at that position.

Fig. 9.9. A sophisticated version of the prototype system.
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9.5 Prototype 2
The prototype 9.2 was individually equipped with a cooling sensation display and
fog display. However, it was not equipped with a sensing system for the position
where user touched the fog screen. In this section, we introduce a sensing system
for interaction with feedback of cooling sensation. Therefore, it is possible not only
to detect the position information of touching the fog screen, but also to implement
operation system such as handling and deformation of the image on the screen. We
also make improvements to prevent the image on the fog screen from bleeding.
The improved prototype is shown in figure 9.10. It consists of a fog display, a

sensing unit, and a cooling sensation display.

Fig. 9.10. The improved prototype system.

9.5.1 Improved Fog Screen

Figure 9.11 is an overall view of an improved version of prototype 9.2. Similarly, a
duct hose connected to themist generator is on the side of the box. The 4 fans at the
top emit the mist through 63 small pipes. As in prototype 9.2, mist flows vertically
downward from the pipes in a flat layer to form a mist screen. This prototype 9.5
has a system that sends air around mist screen in order to keep the flatness of the
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screen. It has the role of preventing image frombleeding by sandwiching it between
layers of airflow on both sides of a mist screen. There are 8 fans around the pipes at
the bottom of the box. The airflow is blown from the pipes connected to the bottom
of the fans. Figure 9.12 shows when the image is projected on the fog screen.

Fig. 9.11. Overview of fog display.

Fig. 9.12. Projection with fog display.
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9.5.2 Sensing System

In the sensing system, the position of the user’s hand and finger are sensed and
modeled in the 3D modeling tool (Unity). We set the screen synchronized with the
3D image and the modeled hand to interact. For that purpose, this interaction on
Unity (hand model and 3D Screen) is synchronized with the interaction in real space
(user’s hand and aerial image on fog screen). That is, we adjusted the following
positional relationships.

• An aerial image and a sensor in real space.
• A model and a virtual screen in Unity.

We employed the Leap Motion as the depth sensor (Fig. 9.13(a)). As shown in
figure 9.13(b), this sensor can identify not only the shape of the hand but also each
finger and joints. Since this system only interacts with the user’s hand, it is suitable
for implementing applications that require finger identification. However, it may not
be recognized if part of the hand is shielded by its angle.

Fig. 9.13. (a)Appearance of Leap Motion. (b)3D model of the hand scanned by Leap
Motion.

The main characteristics of Leap Motion are summarized as follows.

• Tracking speed: 60 fps (Precision mode).
• Depth recognition range: 25 to 600mm.

9.5.3 Displaying Cooling Sensation

We applied the method in chapter 7 to display a cooling sensation as in proto-
type 9.2. Similar to experiment 9.3, we measured the temperature change when
focused ultrasound was applied to the palm exposed to the mist of the fog display.
The irradiation time is 10 s.
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Fig. 9.14. Target parts on measurement area in the thermographic image.

Fig. 9.15. Temperature change in the palm on the fog screen.

As inmeasuring procedures 9.3.1, we determined themeasurement area (61.4mm
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≤ X ≤ 84.6mm, 90.0mm ≤ Y ≤ 131.1mm) as shown in figure 9.14, and measured the
temperature change in that area with thermographic camera.
Figure 9.15 shows the temperature change during irradiation, which indicates the

change in the minimum value in the determined measurement area. After the irra-
diation, the temperature dropped at a rate of 0.7 ∘C/s, and a temperature drop of
1.9 ∘C was observed in 10 s. Similar to prototype 9.2, it shows that the temperature
drop by the improved system is working. The rate of temperature drop after irradi-
ation was higher. However, there was no significant difference in the change when
irradiated for 10 s.

9.5.4 Mutual Relationship in Prototype 2

This subsection describes the exchange of information in the system. Figure 9.16
summarizes the relationships among the user, each system, and the PC controller
in a flowchart.

Fig. 9.16. Diagram of prototype system.

First, the user touches the aerial image on the fog screen. LeapMotion senses the
position information that the user touches the screen and sends it to the PC. Then,
it synchronizes with the interaction on Unity. A hand modeled as a virtual screen
synchronized with a fog screen on Unity interacts in the same as in real space. The
contact position information of the virtual screen is obtained in real time. The data
is sent to the AUPAs. The AUPAs that receives the data generates a focused ultra-
sound in real space corresponding to that position. At this time, since the position
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where focused ultrasound is generated is on the fog screen, a cooling sensation is
displayed at the same time by mist vaporization. By repeating this procedure, real-
time and programmable interaction is achieved.

9.5.5 Interaction Implementation

As shown in figure 9.17, we implement the interaction using a 3D image of a screen.
In other words, a system created in which the focused ultrasound is applied to the
position touched on the screen. The algorithm of the interaction system procedure
is shown in figure 9.18.

Fig. 9.17. Interaction in real space(a) and in Unity(b).

Fig. 9.18. Interaction system flowchart.

Although this system can project some kind of image on the fog screen, we plan to
implement an interaction system for real objects and pseudo-shaped virtual objects.
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Furthermore, when a 3D object can be freely deformed, we plan to propose a system
that displays handling and deformation to soft objects.

9.6 Summary 2
In addition to prototype 9.2, we proposed an interaction system between an image
on a fog screen and cooling sensation. By using a hand tracking sensor, it was im-
plemented to display a cooling sensation at the position where the user touched an
aerial image on the fog screen.
Similar to experiment 9.3, in order to evaluate the cooling effect of the system,

we measured the temperature change when focused ultrasound was applied to the
palm in the fog display. It was shown that it has the function of lowering the tem-
perature similar to prototype 9.2. The projection of the image was subjectively more
clearly visible. In the future, we will consider evaluating the resolution of the image
on the fog screen.

9.7 Conclusion
In this chapter, we described application system using a cooling sensation display
in chapter 7. We proposed the application of mist to not only coolant but also fog
screen. We fabricated the prototype of fog display. First, the temperature changed
during irradiation with focused ultrasound while touching the fog screen. We also
observed the image projected on the screen. Second, in addition to the fabricated
prototype, we built a system that detects the position information that the user
touched the screen, which irradiated that position with focused ultrasound. We also
improved the prototype so that the image on the screen does not blur. In the same
way, we measured the cooling effect. As a result, it was shown to have a cooling
effect.
In the future, we will implement an interaction system for freely shaped objects.

We also evaluate the sensation of ”coldness” through psychophysical experiments.
Furthermore, we will consider evaluating the resolution of the image on the fog
screen.



91

Chapter 10

Conclusion

In this chapter, firstly, we address summary of this thesis. Next, the conclusions
drawn from the experiments are described. Finally, we describe the future prospects
and conclude this paper.

10.1 Summary
This thesis presents a method of remotely displaying a cooling sensation on the
skin surface without contacting the device with the user’s body. For that purpose,
we employed the ultrasound phased arrays (AUPAs). The AUPAs can generate an
ultrasound beam and a focused ultrasound. In addition, the water mist was used
as cooling medium. The vaporization of water mist contributed to display a cooling
sensation.
In chapter 1, the significance of thermal sensation was described through hap-

tics technology, and methods of displaying a thermal sensation were shown. Ap-
plication examples of displaying thermal sensation were also introduced. Here, we
introduced previous research and explained our approach of this thesis.
In chapter 2, we described the perceptual characteristics of thermal sensation and

the patterns of the displaying. Firstly, by presenting the perceptual characteristics of
thermal sensation, we gained an understanding of the detectionmechanismof tem-
perature changes and psychophysical findings. Next, we classified the patterns of
displaying thermal sensation and related works. The method of temperature mea-
surement was also described. Finally, we investigated the elements suitable for the
proposed method of this thesis.
In chapter 3, we described the principle of controlling AUPAs. Firstly, the method

of creating acoustic field using AUPAswas explained. It was also shown that acoustic
radiation pressure caused the tactile sensation. Secondly, the principle of creating
the ultrasound beam was described. It was explained that ultrasound beam caused
acoustic airflow. In addition, application examples of using ultrasound beam were
introduced. Finally, the principle of forming the focused ultrasound. It was shown
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that the spatial resolution of focused ultrasound depended on a proper aperture.
In chapter 4, the advantages of using water mist was described. The example of

mist cooling was introduced. In addition, superiority of water as cooling medium
was explained through chemical characteristics of water. For mist cooling to the
human body surface, an example was given in which the mist was blown by a fan.
Expectations for a high cooling effect of the water mist led us to the idea of trans-
porting the mist in the air using an acoustic flow. Finally, we described the principle
of mist generation and the estimation of the mist size when the liquid is irradiated
with ultrasound.
In chapter 5, we described the midair haptic display that provides a cooling sen-

sation using ultrasound-driven airflow and the water mist. When the mist is trans-
ported by acoustic flow and hits the skin surface, a cooling sensation is provided
by the heat of vaporization. We fabricated the prototype and compared the cooling
effect using the water mist and cold air of dry ice. The result demonstrated high
cooling performance by heat of mist vaporization.
In chapter 6, we improved the prototype used in chapter 5, which can control the

amount of mist generation. The prototype in chapter 5 sometimes transported not
only mist but also water droplets in the air. In contrast, the reconstructed prototype
can transport the mist which does not contain water droplets. In the experiment,
wemeasured the temperature change of the user’s palm. The result suggested that
the cooling effect depended on the proper amount of the mist.
In chapter 7, we described the method of remotely displaying a pinpoint and in-

stantaneous cooling sensation. We employed the same prototype as in chapter 6.
The AUPAs, which is part of the prototype, generated a focused ultrasound instead
of an ultrasound beam used in chapter 5 and 6. Using the focused ultrasound expe-
dites the vaporization of the water mist floating near the user’s skin surface locally
and instantaneously, resulting in a sudden and pinpoint cooling sensation. In the
experiment, we found that a part of the skin surface exposed to a focused ultra-
sound with floating mist was selectively cooled with a negligible delay. In addition,
we demonstrated that cold spot was traveling on the skin surface in real time while
the position of the focused ultrasound was continuously shifting along the path of
travel.
In chapter 8, we described the performance evaluation as thermal display. The

heat flux was used as a physical index of cooling sensation. As for the theoretical
measurement method of heat flux, we first assumed the case of contact with an ob-
ject. Next, we considered the transfer of heat inside the object. From these heat flux
measurement methods, we evaluate the reproducibility of displaying thermal sen-
sation by the system when we touch an object. In previous chapters, we measured
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the temperature change when cooled to the human body. The temperature change
when cooled to an artificial object was also measured to calculate the heat flux. As a
result, the heat flux required to display the material sensation of some objects was
estimated. It was also found that, like the skin surface, it does not depend on the
amount of mist supply.
In chapter 9, we described an application using the method of chapter 7. We fo-

cused on the use of mist as a fog display in addition to the coolant. When the hand
on the fabricated fog screen was irradiated with focused ultrasound, the tempera-
ture of skin surface was dropped by promoting the vaporization of mist in the same
way. We observed the image projected on the fog screen, but it sometimes blurred.
In addition, we introduced a system that detects the information of the position
where the user touched the screen. Therefore, by irradiating the detected position
with focused ultrasound, the aerial image on the screen interacts with the cooling
sensation. At the same time, we also improved the fog display. It was shown to cool
as well, and the projected image on the fog screenwas clearer. As for the implemen-
tation of the interaction system, the strategy was described using a hand tracking
sensor and 3D modeling tool.

10.2 Conclusion and Consideration from Experiments
This thesis aims to realize remotely displaying a cooling sensation on the skin surface
without contacting the device with the user’s body. We proposed roughly two types
of methods. One was a method using an ultrasound beam (chapter 5 and 6). The
other was a method using a focused ultrasound (chapter 7).
These methods take the advantage of AUPAs control method and its spatial res-

olution. In this section, we concluded and consider what was obtained from the
experimental results conducted in each chapter.

10.2.1 Transport of mist by ultrasound beam

In chapter 5, we conducted a comparative experiment on the cooling effect of wa-
ter mist and cold air of dry ice. For that purpose, we measured temperature change
when water mist or cold air of dry ice was transported in the air and hit the skin sur-
face. In the comparative experiment, the maximum difference in temperature drop
in 50 swas 3.5 ∘C. This result shows the cooling effect using water mist is higher than
that using cold air of dry ice. From the chemical characteristics of water described
in chapter 4, it is shown that efficient cooling of the skin surface can be achieved
by using water mist. On the other hand, the system had several problems. Since
the generated mist was directly irradiated with an ultrasound beam, water droplets
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with a large particle size were also transported. When the ultrasound beam was
turned off, it remained low temperature without returning to its initial temperature.
The mist generation position was also fixed. The prototype in chapter 5 required to
control the amount of mist generation and change the position of mist generation.
This suggests that proper mist supply cools the skin surface more efficiently.
In chapter 6, we reconstructed a sophisticated version of the prototype in chap-

ter 5, which can control the amount of mist supply. Although the position of mist
supply could be changed, the position was fixed in the experiment. Using the im-
proved prototype, we measured the temperature change when the mist was trans-
ported by the ultrasound beam and hit the palm surface. Compared with the results
in chapter 5, it was found that the temperature drop in 50 s was 1.9 ∘C lower at the
maximum. In addition, when the ultrasound beam was turned off, there was a ten-
dency to return to the initial temperature. It is considered that the cooling efficiency
could be higher by appropriately supplying the mist without water droplets with a
large particle size. In other words, the cooling effect depends on the proper amount
of the mist.

10.2.2 Displaying a spatiotemporal pinpoint cooling sensation

In chapter 7, we proposed a method of remotely displaying a pinpoint and instan-
taneous cooling sensation on the skin surface. For that purpose, we employed the
prototype used in chapter 6, where the AUPAs generated a focused ultrasound in-
stead of ultrasound beam.
We conducted three experiments. Firstly, we confirmed that the cooling effect was

more likely to be effective by combining the mist with the irradiation of the focused
ultrasound. Secondly, it was found that a certain amount of mist supply was neces-
sary but the effect was saturated in a certainly feasible zone. We also found that the
cooling performance depended on the distance between the AUPAs surface and the
target user’s skin surface. Thirdly, we measured the spatiotemporal temperature
distribution on the palm. The temperature dropped by 3.3 ∘C in 500ms and 4.6 ∘C in
1000ms on the skin surface rapidly after irradiation. The diameter of the cold spot
was approximately 2 cm. The size of cold spot was comparable to that of the ultra-
sound focus. In addition, we succeeded in creating a cooling spot that moves on the
skin surface in real time. This was achieved by continuously shifting the position of
the focused ultrasound along the traveling path. Therefore, we demonstrated that
our proposed system could display a spatiotemporal pinpoint cooling sensation.
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10.2.3 System performance

Themethodproposed in chapter 7 had a large temperature change. In chapter 8, we
evaluated whether this has the performance to display the contact with the object.
The heat flux was calculated as an index of the thermal sensation. As a result, it was
demonstrated that the proposed system has a performance capable of displaying
contact with a metal colder than the skin surface. In addition, we obtained some
estimates of the heat flux required to display thematerial sensation of other artificial
objects.

10.3 Future Works and Prospects
This thesis demonstrated the method of remotely displaying a cooling sensation by
controlling airborne ultrasound. Since the focused ultrasound can display mechan-
ical tactile stimuli by modulating, it suggested that the cooling effect by our system
can coexist with ultrasound-driven vibrotactile stimuli. We believe that there is the
room for further development. We list up future works and prospects as follows:

10.3.1 Future works in this thesis

The experiments in this thesis were conducted with a thermographic camera. Each
experiment was evaluated by temperature change and distribution. The purpose of
this thesis is mainly to clarify the basic physical properities of our proposed system.
In the future, wewill evaluate the effect of displaying a cooling sensation on user’s

skin surface in perspective of psychophysical aspects. In addition, we will research
to clarify at what stagemist generation, transportation, and palm cooling aremainly
performed by heat of vaporization. In the experiment conducted in chapter 7, the
reason why the cooling effect was high by using focused ultrasound and water mist
at the same time was not yet known. A possible mechanism for the cooling effect
is that the heating effect of sound energy may have promoted the vaporization of
mist. As described in Chapter 4, it is possible that the mist was split into smaller
particles by ultrasound to generate more mist, and vaporized on the surface of the
skin to remove heat. However, it is necessary to discuss how the effect of ultrasound
changes due to change of mist particle size.

10.3.2 Future prospects

Application examples of this thesis were introduced in section 1.3. Mostly, display-
ing a cooling sensation can contribute to the reproduction of the experience in an
environment with temperature change.
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Since the proposed system in this paper has the potential to coexist with mechan-
ical tactile and cooling sensation, the development of multi-modal display system
can be expected. An aerial image system that can obtain tactile feedback using AU-
PAs has already been proposed as in section 1.3. In chapter 9, we proposed to use
the mist not only as a coolant but also as a fog display. As a result, it was shown
that a cooling sensation was displayed and that an aerial image on the screen was
projected. From these results and the coexistence of vibrotactile sensation, we will
integrate all those technical elements for creating a system of haptic feedback to
virtual object.
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A

Appendix A: Remote
Simultaneous Displaying Cooling
and Vibrotactile Sensation

This research also aims to realize a system in which cold and vibrotactile sensation
can coexist. This appendix describes an approach of amidair haptic display that pro-
vides cooling and vibrotactile sensation simultaneous. For that purpose, the system
used ultrasound-driven cold air flow and focal point cooled by mist vaporization.
Figure A.1 shows the schematic image of system. This system is based on chap-
ter 3. As an approach to display cooling and vibrotactile sensation at the same time,
ultrasound beam and focused ultrasound are alternately irradiated at short time in-
tervals. The ultrasound beam is used to transport mist in the air and display cooling
sensation. On the other hand, the focused ultrasound is used to display vibrotactile
sensation.

Fig. A.1. System overview in this appendix.
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We conducted a comparative experiment on the cooling effect among the follow-
ing three cases: irradiation of ultrasound beam, focused ultrasoud, and these alter-
nately for 0.5 𝑠 each.

A.1 Experimental Setup
The prototype used in the experiment is the same as that used in chapter 6
and 7(Fig. A.2). AUPAs can irradiate ultrasound with time intervals by adjusting
the duty ratio. Therefore, it is possible to irradiate alternately by applying the
irradiation time of ultrasound beam and focused ultrasound. In this experiment, it
is irradiated alternately at 0.5 𝑠 intervals by setting the duty ratio to 0.5.

Fig. A.2. Prototype display. Reprinted from figures 6.2 and 6.3.

.

A.2 Measuring procedures
For each of three cases, as shown in Fig. A.3, we placed our hand 50 𝑐𝑚 away from
the AUPAs surface. We adjusted the position so that ultrasound beam or focused
ultrasound irradiates the center of the palm.
We evaluated the cooling effect in three cases by the temperature change on the

skin surface after irradiation. In each case, we measured the temperature change
for 20 𝑠 from the start of irradiation with a thermographic camera (OPTOI450O
29T900, Optris) in a video format.
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Fig. A.3. Schematic image of experimental setup and view fromabove. (Left)Using the
ultrasound beam. (Right)Using the focused ultrasound.

A.3 Result
Figure A.4, A.5, and A.6 show the long-term temperature change while cold spot is
generating. A sharp drop in temperature was observed when the system used the
focused ultrasound. In Figure A.5, it can be seen that a cold spot has generated 1
𝑠 after the start of irradiation when using the focused ultrasound. Furthermore, in
figure A.6, it can be seen that a cold spot has generated in 500 to 750ms.

Fig. A.4. Temperature change of the skin surface cooled by mist with (Upper)the ul-
trasound beam, (Lower)the focused ultrasound, and (Middle)both of them.
They are shown images when irradiated for 20 𝑠 from the start of irradiation.
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Fig. A.5. Temperature change of the skin surface cooled by mist with (Upper)the ul-
trasound beam, (Lower)the focused ultrasound, and (Middle)both of them.
They are shown images when irradiated for 4 𝑠 from the start of irradiation.

Fig. A.6. Temperature change of the skin surface cooled by mist with (Upper)the ul-
trasound beam, (Lower)the focused ultrasound, and (Middle)both of them.
They are shown images when irradiated for 1 𝑠 from the start of irradiation.

When ultrasound beam and focused ultrasound are used under the same condi-
tions, the latter clearly causes a rapid temperature drop and cold spot. It is possible
that focused ultrasound is promoting the vaporization of mist, as in chapter 7.
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Figure A.7 shows the minimum value of temperature against time in the target
area shown in figure 6.7. It was found that the temperature dropped by 2.9 to 3.1 ∘C
in 2 s after the focused ultrasound was applied. In the long term, the temperature
continues to dropwith ultrasound beam and focused ultrasound. Immediately after
the start of irradiation, therewas no significant difference in temperature dropwhen
using focused ultrasound only and two types of ultrasound.

Fig. A.7. Temperature change in the palm using ultrasound beam only, focused ultra-
sound only, and by irradiating them alternately.

A.4 Conclusion
In this appendix, we proposed a method of a midair haptic display that provides
cooling and vibrotactile sensation simultaneous. For that purpose, we approached
a method of alternating irradiation by controlling the duty ratio of the irradiation
time of ultrasound beam and focused ultrasound. In the experiment, we conducted
comparative experiment on temperature changewhen using ultrasound beamonly,
focused ultrasound only, and by irradiating them alternately. As a result, the cool-
ing effect was high when focused ultrasound was used. Since the cooling effect was
high even when only focused ultrasound was used, it is expected that cooling and
vibrotactile sensations coexist by adjusting the modulation of ultrasound. Subjec-
tively, we felt cooling and vibrotactile sensations at the same time when focused
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ultrasound was applied.
In the future, we will examine the evaluation of sensation when cold and vibrotac-

tile sensation are displayed at the same time through the psychophysical aspects.
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Appendix B: Noncontact Pain
Display by Thermal Grill illusion

This appendix describes amethod to display a pain sensation in noncontactmanner.
For that purpose, we use the phenomenon of the thermal grill illusion. This phe-
nomenon produces a pain sensation without damage of the skin by simultaneously
displaying the cooling and heating sensation. For displaying cooling sensation, we
apply the system in chapter 5. On the other hand, for displaying heating sensation,
we use the light beam irradiation of halogen lamp. Figure B.1 shows the schematic
image of system. First, using these system, we examine temperature change of the
skin surface. Second, we observed the temperature change up to the generation of
pain sensation.

Fig. B.1. System overview in this appendix. Displaying a pain sensation using thermal
grill illusion.
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B.1 Thermal Grill Illusion(TGI)
Thermal grill illusion(TGI) is an illusion phenomenon that produces a unique sen-
sation accompanied by pain and burning sensation when hot and cold stimuli are
simultaneously presented to the skin surface as shown in figure B.2[87][88][89].

Fig. B.2. Image diagram of thermal grill illusion(TGI).

TGI can cause a pain sensation without damaging the user’s skin surface[90][91].
Since it can occur safely without damaging the skin surface, it is suitable for psycho-
logical experiments on pain. There are some pain displays based on TGI in contact
manner using Peltier elements[92].

Fig. B.3. Experimental setup.
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B.2 Experimental Setup
The overall system is shown in figure B.3. This system is composed of the airborne
ultrasound phased arrays (AUPA) driven at 40 kHz, ultrasound transducer for gener-
atingmist (IM1-24/LW SEIKOGIKEN INC), water tank, and halogen lamp. For remote
cooling sensation, we use the method in chapter 5. For remote heating sensation,
we use a halogen lamp (HSH 60, Fintech Tokyo). The focal length is 105mm and the
maximum power consumption is 105W. By properly controlling the applied voltage,
it is set to prevent skin damage from burns. The power consumption used in the
experiment is 28W. A Fresnel lens (NTKJ CO.LTD.) is used to adjust the condensing
of the halogen lamp. The focal length of lens is 150mm, which makes a light spot
of 3.5 cm in diameter. As shown in figure B.4, there is shutter near the front of the
lens. In this experiment, we control the irradiation time by rotating shutter to block
the light beam. The shutter is connected to servo motor synchronized with the AU-
PAs for displaying cooling sensation. This system has a timing controller that can be
operated with a single computer, and provides both heating and cooling sensation.

Fig. B.4. Setup of remote displaying heating sensation.
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B.3 Experiment 1
In this section, we examine temperature change of the skin. As shown in figure B.3,
the experimenter put the arm on the table. We adjusted the ultrasound and light
beams to irradiate the forearm. While both beams were irradiating the targets, we
captured the entire arm with a thermographic camera (OPTOI450O 29T900) in a
video format for measuring temperature changes on the skin surface.

Fig. B.5. Target parts on user’s arm shown in the thermographic image.

B.3.1 Measuring procedures 1

As shown in figure B.5, there are two areas where the forearm is heated and cooled.
At Area A, themist hits by ultrasound-driven airflow. Area B corresponds to the posi-
tion where the light irradiation of the halogen lamp converged on the lens as shown
in figure B.4. Themeasurement dimension is as described in figure B.3 and B.4. The
distance between the centers of Area A and Area B is approximately 10 cm.
We measured the temperature change for 30 s. Simultaneously with the start of

measurement, light beam irradiation and ultrasound beam irradiation are activated.
Here, in order to ensure safety, it is necessary to keep the temperature so as not to
damage the skin surface. It has been found that thermal burns occur in a hot period
of 6 hours at a skin surface temperature of 44 ∘C and a shorter burning time when
the temperature is 45 ∘C or more[93][94]. In this experiment, the system operates
for 15 s so as not to exceed 43 ∘C.
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Fig. B.6. Temporal change of the skin irradiated by the mist and light beam.

Fig. B.7. Temperature change by the hot and cold stimuli.

B.3.2 Result 1

Figure B.6 shows the long-term temperature change in Area A and B. Figure B.7
shows the minimum value of the temperature in Area A and the maximum value of
the temperature in Area B. It is shown that the temperature difference between Area
A and Area B gradually increases when light and ultrasound beam are irradiated.
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On the other hand, when the irradiation of both beams is stopped, the temperature
difference decreases with the time constant of 18.0. Since it does not exceeds 43 ∘C
during operation, it ensures the safety in the experiment of next section.

B.4 Experiment 2
Using the system similar to section B.3, we observed the temperature change until
the pain sensation was generated by the TGI. 7 participants(male 6 name, female 1
name, average age 25 year old) participated in the experiment. Participants had no
skin disease. For the experimental environment, the room temperature and humid-
ity were 23 ∘C and 60 %, respectively.
Before the experiment, we told participants to experience a preliminary exper-

iment. Participants were verbally asked whether they felt a clearly different pain
from the feeling of heat by the light beam. Based on the answers, participants who
clearly felt pain and those who did not were distinguished preliminary.

Fig. B.8. Irradiation positions of the light and mist beams.

B.4.1 Measuring procedures 2

The participant puts his arm on the table. We adjusted the position so that the light
and mist beam hit his forearm. The light and mist beam are irradiated at the same
time as the measurement starts. If the participant feels pain, he moves his finger
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to send a signal. As shown in figure B.8, we measure the time for pain generation
and the temperature of that moment for the total of 4 cases which is distinguished
inside or outside of the forearm, in the positions of the hot/cold spots.

Fig. B.9. Average time required for pain generation.

Fig. B.10. Average hot-spot temperature (themaximum value in the hot spot) for pain
generation.
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Fig. B.11. Average cold-spot temperature (the minimum value in the cold spot) for
pain generation.

B.4.2 Result 2

Figure B.9 shows the average time until pain occurs. Figure B.10 and B.11 shows the
average value of the hot-spot and cold-spot temperatures when pain occurs. The
hot-spot temperature indicates the maximum value in the hot spot. The cold-spot
temperature indicates the minimum value in the cold spot.
There was difference in the response time among the 4 cases:(a), (b), (c), and (d).

It is suggested that not only the position of the forearm but also the positions of
hot/cold spots affects the pain sensation. It can be seen that it is effective when
there is a hot-spot on the wrist side of the forearm. Furthermore, from case (c), it
has been clear that the irradiation on the inside of the forearm is higher than that on
the outside. As a result, it is shown that the pain occurred earlier when the hot-spot
was on the wrist side of the forearm. The case (c) is the most sensitive case of pain
sensation.
In the experiment, 4 out of 7 participants could not clearly distinguish between

the pain and heating sensation, while 3 participants (one is an author) could clearly
distinguish. The most sensitive participant experienced clear pain at high and low
temperature of 36.6 ∘C and 27.8 ∘C, respectively. Another participant felt pain clearly,
but it was out of the standard temperature range provided by the system. The tem-
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peratures required for the participants were 42.3 ∘C and 28.9 ∘C. The experiment has
revealed a wide range of pain sensitivities. In the experimental system, the temper-
ature change of the hot-spot was lowered to 0.4 ∘C/s for safety and the precision of
the temperature measurement.

B.5 Conclusion
In this appendix, we proposed amethod to display pain sensation by controlling the
temperature on the skin surface in a noncontact manner. For that purpose, based
on the TGI, we used the light and ultrasound beam. We constructed a system that
irradiates the skin surface with a light beam for heating and an ultrasound beam
for cooling based on chapter 5. We measured the temperature change of the skin
surface. It was confirmed that hot spot of 40.7 ∘C and cold spot of 27.7 ∘C were pro-
duced simultaneously in the local areas on the skin. We used this system to exper-
iment with pain sensation. The result shows that the noncontact system caused a
pain sensation when the hot and cold spot temperatures in average reached 36.9 ∘C
and 27.2 ∘C respectively. At the same time, 4 of 7 participants did not feel pain, while
the rest of participants felt a pain sensation clearly.
In the future, we will construct a system that displays pain sensation to any po-

sition on the user’s body. Also, we will investigate the individual differences and
conditions for effective displaying pain sensation.
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Appendix C: Sensing and
Displaying Odor

In this appendix, we propose a method to actively generate odors by irradiating ul-
trasound beams and transporting them to a desired position. By using this method,
it is possible to remotely sense the position of the odor source. At the same time, it
enables to display the odors to the user at any time in a desired position. Figure C.1
shows the concept of the proposed method.

Fig. C.1. The concept of system in this appendix. (a)Sensing the odor. (b)Displaying
the odor.

C.1 Background
‧Sensing Odors
Since the odorant is diffusely transported, it is generally difficult to sense the posi-
tion of the odor source. It may be possible to detect the odor source by spatially
scanning the odor sensor. However, remote measurement is difficult when the dis-
tance between the odor source and the sensor is long. If multiple odors are mixed,
it is difficult to distinguish which source each odor is produced from.
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Wepropose ameasurement system that transmits only the odor generated froma
specific location to the sensor by transporting the odor substance using ultrasound-
driven airflow based on chapter 5. This makes it possible to identify the location of
the odor source and selectively distinguish the odor source in an environment with
multiple sources.

‧Displaying Odors
With the development of VR technology, information displaying technology target-
ing not only audiovisual stimulation but also tactile stimulation has been actively
researched in recent years, and a high-quality information environment has been
constructed. Research on smell and taste is also developing, although it is rare com-
pared to audiovisual and tactile sensations. There is seamlessness between the real
space and the VR space, and it is important to understand not only audiovisual and
tactile sensations but also taste and smell sensations.
Comparing taste and smell, taste basically conveys information about objects in

the oral cavity and conditions inside the body. Also, the sense of smell conveys en-
vironmental information in the same way as the audiovisual and tactile sensations.
For example, in addition to touching an object, it can be identified from a distance
without touching it by smelling the odor peculiar to the target object. At the fire
scene, even if you are blind or deaf, you can smell the outbreak of a fire.

C.2 Our Approach
It has been confirmed that odorous substances can be transported in the air by
using AUPAs, and odors can be displayed remotely [74][75]. In chapter 5, it has also
been shown that it is possible to remotely display cooling sensation by using mist
and transporting it by AUPAs.
Therefore, by irradiating the odor source with an ultrasound beam, the diffusion

of odorous substances is promoted. Furthermore, we propose a method of trans-
porting the generated odorous substances to a remote sensor using another ul-
trasound beam. By combining these two principles, it is possible to measure the
concentration of an odorous substance existing at a specific position in the air. By
scanning the irradiation point of the ultrasound beam, the spatial distribution of
odorous substances can be measured from a distance.
A similar system can also be used as the systemof displaying odor. When there are

multiple odor sources in a room, the ultrasound beam irradiates the odor sources
to promote diffusion. When it is transported near the user’s nasal cavity, a specific
odorous substance can be generated at any time and the odor can be displayed.
Most of the proposed odor displays are limited to directly displaying a prepared odor
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source to the user. In addition, it does not have a function to dynamically generate
odors.
By simultaneously generating and transporting odorous substances with ultra-

sound beams, we aim to realize the sensing of the position of the odor source and
the display of the odor.

C.3 Prototype
Figure C.2 shows the prototype of the proposed system. It mainly consists of ul-
trasound phased arrays (AUPAs), an odor source, and an odor sensor. Four AUPAs
make up one unit, and there are two units. These two units are constructed so that
they irradiate directly below (Unit A) and sideways (Unit B). In unit A, the odor source
is irradiated to diffuse the odorous substance. In unit B, the odorous substances dif-
fused by the ultrasound-driven airflow are converged and transported to the odor
sensor in the air.

Fig. C.2. The schematic of prototype.

‧Odor Sources
An aqueous solution of aroma oil (15ml, main components: water, ethanol, surfac-
tant, fragrance, methylparapen) and water (15ml) was used as the odor source. By
irradiating the aqueous solution with unit A, the odorous substance is diffused in
the air.

‧Odor Sensor
An alcohol sensor (MQ-3 Spark Fun) was used to measure the odor concentration
of odorous substances transported in the air by unit B. Since the aroma oil contains
alcohol, this was adopted as the most suitable for measurement. Figure C.3 shows
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the prototype of the created alcohol sensor and the equivalent circuit.

Fig. C.3. (Left)The prototype of odor sensor (cited and reprinted from
https://www.sparkfun.com/products/8880). (Right)Equivalent circuit.

C.4 Experimental Setup
Figure C.4 shows the schematic diagram of the experimental system. The alcohol
sensor used as the odor sensor is placed so that it is horizontal to the center position
of unit B. The container containing odor source is placed so that the center of unit
A and the center of the container are located vertically.

Fig. C.4. The schematic diagram of experimental setup.

The voltage supplied to the entire circuit of the alcohol sensor is 5V, and it is
connected to the microcomputer (Arduino Uno). When the odorous substance is
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brought close to the sensor, the AD conversion value can be read from the analog
input, and the output voltage is derived.

C.5 Experiment 1
C.5.1 Measuring procedures 1

From the previous section, we measured the odor concentration relative to the dis-
tance between the odor source and the sensor. First, 30 s after the start of mea-
surement, the ultrasound beam is irradiated from unit A to diffuse the odorous sub-
stance. Furthermore, after 30 s, the beam is irradiated from unit B, the diffused odor
is transported in the direction of the sensor, and the measurement is conducted for
40 s. As shown in figure C.4, the distance between the sensor and the odor source is
𝐿 cm, and we measured the 6 patterns of 𝐿 = 40, 50, 60, 70, 80, 90 cm.

C.5.2 Result 1

Figure C.5 shows the odor concentration change in 6 patterns of 𝐿 cm. It is stable at
0.34 to 0.36mg/L for each distance for 60 s from the start of measurement. On the
other hand, after the irradiation of unit B, the value of odor concentration increased
for 3 s for each distance.

Fig. C.5. The odor concentration change with respect to distance from the odor
source.

Figure C.6 shows the maximum value of the odor concentration at each distance
from the start of measurement. When the odorous substances reaches the sensor
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from figure C.5, the measured value of the odor concentration increases. However,
from the figure C.6, there was no significant difference in the quantitative relation-
ship of the odor concentration with respect to the distance between the sensor and
odor source. It can be seen that odorous substances are transported in the air with-
out diffusing, regardless of that distance. It is suggested that the odor concentration
is uniformly distributed up to a certain distance from the odor source when unit B is
operated. It is also considered that the odorous substances reached the sensor at
high speed due to the velocity of the ultrasound-driven airflow.

Fig. C.6. The maximum odor concentration at each distance.

C.6 Experiment 2
Using the same system as in Experiment C.5, wemeasure the concentration of odor-
ous substances transported in the air by switching the irradiation to different odor
sources. We use 2 types of odor sources.

C.6.1 Measuring procedures 2

As shown in figure C.7, the odor source and the odor sensor are placed. The dis-
tance between the center of unit A and the odor source is 10 cm each. In order to
distinguish the odor sources, the odor sources are named I and II.
The odor source is the same as that used in Experiment C.5. The odor sources I

and II have different fragrances which we can distinguish odors.
As for the measurement procedure, first, 20 s after the start of measurement, an

ultrasound beam is irradiated fromunit B. After 20 s, unit A irradiates the odor source
I for 30 s, and the irradiation is stopped. Next, 30 s after the pause, the odor source II
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is irradiated for 30 s. After that, irradiation is stopped, and measurement is finished
20 s later. The measurement time is 150 s.

Fig. C.7. The positional relationship between the odor source and the sensor.

Fig. C.8. The odor concentration changewith switching fromodor source I to II. Circles
indicate that odors I and II are responding to the sensor.
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C.6.2 Result 2

Figure C.8 shows the results of the measurement method in the previous sec-
tion C.6.1. When the odor sources I and II were irradiated, an increase of 0.14mg/L
and 0.22mg/L was observed after a dozen seconds, respectively. In addition, a time
response was confirmed by switching the irradiation of the ultrasound beam. On
the other hand, no time response was observed after the irradiation was stopped. It
is suggested that odorous substances floating around the odor source may remain.

C.7 Conclusion
In this appendix, we proposed a method of diffusing odorous substances by irradi-
ating the odor source with an ultrasound beam and transporting them to a sensor
or user’s nasal cavity with another beam.
In Experiment C.5, we measured the odor concentration with respect to the dis-

tance between the odor source and sensor. A few seconds later, the odor sensor re-
sponded to the generation of ultrasound-driven airflow. It was found that odorous
substances are transported in the air without diffusing, regardless of the distance
between the odor source and the sensor.
In Experiment C.6, using two types of odor sources, different odor substances

were generated by switching the irradiation direction of a ultrasound beam, and
each odor was transported in the air by another beam. We measured the odor con-
centration transported in the air by the odor sensor similar to Experiment C.5. Then,
we measured the odor concentration change with irradiation time and switching
beam. As a result, the time response by switching of irradiation was confirmed.
However, the time response by stopping the irradiation was not observed.
In the future, we will consider a method to clarify a proper quantitative relation-

ship between the odor concentration and the distance to the sensor. As for dis-
playing odor, we will construct a system for improving the response change of odor
concentration by switching and stopping the irradiation to the odor source.
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